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EXECUTIVE SUMMARY

Objectives: The objective of this study is to demonstrate the feasibility of replacing traditional
analytical procedures for determining individual diesel fuel properties with a rapid and reliable
measurement using midband Fourier transform infrared (FT-IR) spectroscopy that can measure
several of these properties simultaneously. Further studies compared the FT-IR method with near-
infrared procedures.

Accomplishments: As an alternative to established laboratory protocols, an FT-IR method was
developed for the rapid, simultaneous determination of several pertinent fuel properties, using less
than 2 mL of sample. The method uses a single wavelength range of baseline uncorrected, raw
FT-IR spectra. Neither baseline correction nor use of restricted wavelength regions improved the
models.

The following fuel property values may be confidently measured by FT-IR: gravity, API®;
density, g/ml; kinematic viscosity, cSt, at 40°C; boiling point at 50%; cetane index; carbon, wt%;
hydrogen, wt%; carbon-to-hydrogen ratio, C/H; heat of combustion, MJ/kg; monocyclic
aromatics, wt%; dicyclic aromatics, wt%; polycyclic aromatics, wt%; and total aromatics, wt%.
Estimation of several other properties is also possible where ultimate precision is not needed.

For comparison, several calibration models were developed from near-infrared and FT-IR spectra.
It was demonstrated that FT-IR provides better models for the determination of fuel property
values.

Future studies will investigate ways to improve the precision and scope of the method and
standardization transfer requirements between FT-IR instruments.

Military Impact: This method may be used to measure several important fuel properties not only
in the laboratory but also in remote field areas of operation.
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. OBJECTIVE

The objective of this study is to demonstrate the feasibility of replacing traditional analytical
procedures for determining several pertinent diesel fuel properties with a rapid and reliable
measurement using midband Fourier transform infrared (FT-IR) spectroscopy that can measure several
fuel properties simultaneously. Further studies compare the FT-IR method with near-infrared (near-IR)
procedures, and will investigate standardization transfer requirements between FT-IR instruments.

Il. INTRODUCTION AND BACKGROUND

Most routine evaluations in petroleum analytical laboratories are performed using standard test
methods established by the American Society for Testing and Materials (ASTM), the Institute of
Petroleum (IP), the military, or other agencies. While these methods may be accurate and enjoy a
high degree of acceptance, they also have some disadvantages. For example, they may require
relatively large sample sizes, they may use toxic or environmentally dangerous chemicals, or they
may be cumbersome and time consuming.

Several articles have described the use of near-IR spectroscopy to determine gasoline'>** and middle
distillate fuel properties.” The usual operating range for near-IR spectroscopy is between the
wavelengths of 0.9-2.5 pm, while FT-IR spectra are generally obtained at wavelengths between 2.5-
25 um, corresponding to the 4000-400 cm™ wavenumber region. A near-IR spectrum is the result
of overtones and combination bands of the fundamental frequencies associated with molecular
vibrations of certain functional groups that produce the directly measurable region of FT-IR. Since
FT-IR spectroscopy is based on the measurement of characteristic fundamental resonances, it
produces specific, usually sharp, well-defined peaks at substantially increased extinction coefficients.
As expected, studies®’ indicated that FT-IR-derived data of middle distillate fuels for aromatic
hydrocarbon contents, carbon-to-hydrogen ratio, refractive index, heat of combustion, cetane index,
viscosity, and density were superior to those derived by near-IR.> Similar results were obtained for
the analysis of gasolines by FT-IR.%

Natural requirements for developing FT-IR spectroscopic correlations are that data be calibrated to
those fuel properties that are due to chemical structural features associated with active infrared
resonance bands, and that measured fuel property values must relate linearly to spectral intensities,
that is, they must obey Beer's law. To illustrate some of the composition versus physical property
relationships, some generally accepted arguments may be considered. For any given fuel type, high
specific gravity is associated with increased concentrations of aromatic or naphthenic hydrocarbons;
low specific gravity is associated with elevated concentrations of open-chained paraffinic
hydrocarbons. The heat of combustion of a fuel is influenced by its oxidation state, that is, the
carbon-to-hydrogen ratio, also implied in the aromatic hydrocarbon concentration, of the fuel.
Increased aromatic hydrocarbon concentrations increase octane number and decrease cetane number.
The cloud point of a fuel is decreased by increasing the iso to normal paraffin ratio and increasing
aromatic hydrocarbon content in the fuel. Thus, several fuel properties are determined by the
presence of special atomic groups: the branching of saturated hydrocarbons, the ratio of normal to
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iso paraffins, the aromatic hydrocarbon content (including the type and degree of substitution on the
aromatic rings), and the ratio of these various constituents. All these chemical features are reflected
to some degree in the IR spectra of compounds.” Additionally, the various sulfur, nitrogen, and
oxygen containing functional groups also have well-defined characteristic resonance bands in the
studied frequency range that, within experimental limits, allow their qualitative and quantitative
assessment. The presence and quantity of certain fuel additives may also be determined.

The purpose of this study was to (1) evaluate the applicability of the methodology developed in our
earlier work®® to a wide range of middle distillate fuels (2) evaluate the comparative merits of near-
IR and midband FT-IR spectroscopies, and (3) develop the basis for calibration file transfer.

lil. TECHNICAL APPROACH

A large number of fuels with varied compositional and performance parameters were collected
during three seasonal periods and analyzed by ASTM methods to serve as "gold standard" or
"benchmark" procedures in the calibration or training sets for establishing calibration models.

An FT-IR spectrum was collected for each fuel on each of two FT-IR instruments, and these spectra
were correlated with the corresponding selected fuel property values. Results of the calibration sets
were then validated using fuel samples that were not part of the calibration sets. Effects of changes
in calibration parameters and spectral manipulations were also explored.

Beyond proving that several pertinent fuel properties may be simultaneously determined from their
FT-IR spectra, the following issues need to be addressed:

A. Are separate calibrations needed for samples collected during different seasonal penods or
may these various samples be combined into a single calibration file?

B. May calibration files be developed for a combination of turbine and diesel fuels, or must
these fuels use different calibration models?

C. May calibration files be directly transferred from one instrument to another, or must special
calibration transfer programs be developed?

D. Will calibration transfer programs retain sufficient predictive precision, or must separate
calibrations be developed for each instrument?

E. Comparison of FT-IR and near-IR calibration models

In addition, two commercial chemometric software packages were investigated to determine their
applicability to the current project. The software applications were evaluated in terms of their
capabilities and their adaptability to integrated laboratory and field applications. In this report we
summarize the results of experiments relating to items (A), (B) and (E) only. Items (C) and (D) will
be the subject of a future report.

The following simplified flow diagram illustrates the process involved in the development of the
correlation models for fuel properties from FT-IR spectra:
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Collection of Large Number of
Representative Fuel Samples

Laboratory Analyses by
Current (Classical) Methods

L’ Build Regression Model Using 4—'
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Validate Calibration Model with
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Rapid, On-site, Nondestructive, Simultaneous
Prediction of Pertinent Fuel Properties with a Small
Quantity of Unknown Sample

Infrared Spectra (Training Set)

IV. SELECTION OF FUELS

Test fuels were collected during winter, spring, and summer months from commercial filling stations
in all 50 states of the U.S.A. and at various military installations within the United States and around
the world. This approach yielded fuel samples that were as diverse as possible and included the
broadest range of values for the properties of interest. Fuel types included commercial, low sulfur
grades No. 2-D and No. 1-D diesel fuels (ASTM D 975), military diesel fuels (VV-F-800, now
replaced by CID A-A-52557), aviation kerosenes JP-5 (MIL-T-5624N) and JP-8 (MIL-T-83133C).
The majority of the JP-5 samples were acquired from sources within the continental United States,
while most of the JP-8 samples originated outside the continental U.S.A. The seasonal fuel sets and
their combinations are identified as:

Fuel Set A: collected during December

Fuel Set B: collected during March

Fuel Set C: collected during July

Fuel Set D: combination of Fuel Sets A, B, and C.

To select the calibration and validation samples, each fuel set (A, B, and C) was randomly shuffled.
The first 20 percent of each randomized set was then designated as the validation set while the
remaining samples were specified as the calibration set. The calibration and validation samples for
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the combined fuel set, D, were selected by combining the calibration and validation samples,
respectively, from sets A, B, and C.

Table 1 identifies the laboratory benchmark (mainly ASTM) analytical procedures used to obtain
the calibration data on the fuels. Repeatability and reproducibility of the listed procedures are
summarized in Table 2. The minimum, maximum, average, and the range of the more promising
fuel property values for Fuel Sets A, B, C, and D are summarized in Table 3. While over 33 fuel
properties were measured on each fuel, some of these properties did not correlate with FT-IR spectra.

V. EXPERIMENTAL

Spectroscopic data were collected for all fuels on a Nicolet Model 510 (Instrument A) and on a
Perkin Elmer System 2000 (Instrument B) FT-IR spectrometer. Both units were equipped with
deuterated triglycine sulfate (DTGS) detectors and covered horizontal attenuated total reflectance
(HATR) zinc selenide (ZnSe) sample cells (Spectra-Tech Model No. 0012-436T). The crystal angle
of the HATR cells is 45°, with 12 internal reflections through the sample. The nominal depth of
beam penetration at 1000 cm™ is 2 pm. Due to substantial differences in scanning speeds, the
average of 32 FT-IR scans at a resolution of 4 cm™! was collected for each fuel on Instrument A,
while only an average of 16 scans at a resolution of 4 cm™! was collected on Instrument B. The peak-
to-peak signal-to-noise ratios of the two instruments are:

wavenumber, cm’!

Instrument ID 2200-2150 2150-2100 2100-2050 2050-2000
Instrument A 3540 5660 5440 4160
Instrument B 7860 9650 5510 4170

To avoid problems associated with ZnSe cutoff frequencies, each spectrum was truncated to the
wavenumber region of 4000-650 cm™. No spectral region was excluded from building the
calibration models.

The use of transmission cells was investigated, as these cells were expected to produce superior
results; however, cells even at the shortest available path length of about 0.015 mm produced
spectral overload, with absorbance values in the non-linear range. The use of fully closed "circle"
or "tunnel" ZnSe ATR cells was also explored; however, obtaining reproducible baselines and cross-
contamination free spectra of successive samples was found to be unacceptably time consuming.
Due to the speed of the analysis, sample integrity was not believed to have been excessively
compromised by the use of covered HATR cells.

Near-IR spectra were collected on an acousto-optic tunable filter (AOTF) near-infrared fuel analyzer
procured from Brimrose Corporation of America. Scans were collected with a fiber-optic
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transreflectance immersion probe with an effective pathlength of 1 cm. Each spectrum was acquired
as an average of 32 scans run in the 1000-1600 nm region with a 2 nm increment.

Vi. CHEMOMETRICS

A. General

Models relating selected fuel properties to FT-IR spectra were developed using chemometrics, a .
science that applies statistical and mathematical methods to chemical and physical data.
Spectroscopic data were correlated to fuel property values with a partial least squares (PLS)
regression. The PLS algorithm was run from either PLS_Toolbox™ (Eigenvector Research, Inc.)
within the MATLAB™ framework, or the PLSplus program within the GRAMS/386™ and
GRAMS/32™ (Galactic Industries Corporation) software package.

The PLS method creates a simplified representation of the spectroscopic data by a process known
as spectral decomposition. Good summary treatises of PLS were published by Geladi and
Kowalski,!® Martens and Naes,!! and Haaland and Thomas.'>"* A precursor to the PLS technique,
which is closely linked to the bilinear framework used in PLS, is the latent root regression analysis,
formulated in the 1970s by Webster, Gunst, and Mason."* The PLS approach is based on a bilinear
modeling method. The PLS algorithm initially calculates the concentration, or property value,
weighted average spectrum of all the spectra of the fuels in the calibration matrix. An important
feature of PLS is that the concentration, or property value, information is used during the
decomposition process. Instead of decomposing the spectral data and the concentration data
separately, they are done simultaneously. The result is a set of scores (scaling constants) and a set
of eigenvectors (a.k.a., loading vectors or factors) for both the spectral data and the concentration
data. After each factor is calculated, its contribution is removed from the original data. The
decomposition is then repeated until all of the desired factors have been calculated. Assuming that
a relationship exists between the spectral scores and the concentration scores, a calibratiori model
is constructed.

To optimize a calibration model, a computationally intensive procedure known as cross-validation
can be carried out. In the cross-validation procedure, a given number of samples are removed from
the calibration data set. A calibration model, calculated from the remaining samples in the training
set, is then used to predict the property value of the removed samples. The residual errors, or the
difference between the predicted and known concentration values, are squared and summed to
determine the prediction error. The cross-validation process is repeated until each sample has been
left out once. The information obtained from a cross validation is then used to select the number of
factors to correctly model the fuel property. The result is a refined regression model that is useful
in predicting the property of the unknown fuel. Also, since the samples that are removed are true
unknowns to the calibration model, the predictive power of the model is revealed. After a calibration
model is established, it must be tested by independent validation experiments, in which the
calibration model is applied to similar fuels that were not part of the calibration training set. The




predicted property values may then be compared with those derived by the established ASTM
procedures.

It is critical to establish the correct number of factors to be used in the correlation files, as the
predicted fuel property values calculated from the model depend on the number of factors used in
the model. Too few factors will not adequately model the system, while too many factors will
introduce noise vectors in the calibration. These noise vectors will result in less than optimum
prediction for samples outside the calibration set. The PLSplus program by Galactic Industries
provides data for selecting the appropriate factor by plotting the predicted residual error sum of
squares (PRESS, defined under statistics) versus the factor.

The factor may be selected for (a) the point at which the PRESS value is at a minimum, (b) the point
at which the curve indicates that further increase in factors should have negligible effects (a rather
arbitrary choice), or (c) a compromise as recommended by Haaland and Thomas."? These authors
advise the use of F-statistic to arrive at the best compromise in factors. The F-statistic can be
calculated as the ratio of the minimum PRESS value to all PRESS values corresponding to fewer
factors. As the difference between the minimum PRESS and other PRESS values becomes smaller,
the probability that each additional factor provides significant improvement to the model decreases.
Haaland and Thomas empirically determined that the optimum number of factors should be at the
first PRESS value at which the F-statistic probability, p, drops to or below 0.75. While initially we
used factors corresponding to an F-statistic probability of 0.5 (coinciding with a maximum for the
squared correlation coefficients), to avoid possible overfitting we standardized by using the
compromise value of 0.75 as suggested by Haaland and Thomas.

Some authorities claim that the number of factors in a calibration file must be held to "10 or less."
We conducted several experiments in which we reduced the number of factors from those
recommended by the Haaland and Thomas criterion to "10 or less." Invariably, results of the
validation experiments deteriorated. We hypothesize that some properties of a compositionally
complex system, such as a petroleum derived fuel, may not be sufficiently modeled by a model
having only 10 or less factors. Therefore, to allow for better modeling while still keeping the time
required to develop the calibration models reasonably short, we increased the maximum number of
allowed factors to 20.

B. Statistics

The following are definitions that will be used throughout the remainder of the text. They are all
similar in that they attempt to measure the average error in a given model. In the following
equations, y;’ is the predicted value of sample i for a given property, y; is the known value of the
property for that sample, and n is the number of samples in the calibration set.

1. Predicted Residual Error Sum of Squares, PRESS measures how well the calibratioﬁ model

predicts the property value as each factor is added, defined as:




n
}: (y,./-yl.)2 ' Equation 1

The following equation defines the other error terms used in the report:

n /— )
}; 0:y) Equation 2

n

. Standard Error of Prediction for Cross-Validation, SEP(CV) is the measure of a model’s ability

to predict property values of new samples that are not a part of the calibration model. 15,16 The
samples that are removed during each rotation in a cross-validation are subsequently validated
using a model built from the remainder of the samples.

. Standard Error of Calibration, SEC is similar to SEP(CV) with the exception that all samples
being predicted were also used in the building of the calibration set.">'® For this reason, the error
in the calibration will usually appear to be lower when using SEC because each sample being
predicted has a complimentary sample in the calibration. SEP(CV) is more rigorous and gives
a better indication of the robustness of the calibration.

. Standard Error of Prediction, SEP. After a final calibration model has been constructed, the
model is again validated using a separate set of validation samples that were not part of the
original calibration set and therefore not included in the model.'> ¢

. Square of the Multiple Correlation Coefficient, R%. The multiple correlation coefficient, R? is

a measure of how well a linear model fits a given set of data, and has a value between 0 and 1.
If the estimated and known values are very similar, then a good fit has been achieved and R? will
be close to 1. A poor fit will give an R? closer to 0. R? can be interpreted as the total variability
in y (fuel property values) that is explained by x (spectral data). However, caution must be taken
in using R? because a large value for R? does not necessarily mean a good fit between the model
and the data.'” In Equation 3, for a given fuel property and sample, y; is the known value, y;' is
the predicted value, y” is the mean of all y;, and n is the number of samples. .
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C. Data Preprocessing

Three data pretreatments were tried in an attempt to optimize the calibration models.

1. Mean-centered spectra are generated by subtracting the mean of the entire data set from each
individual spectrum. The mean of a mean-centered data set is zero. As a result, the spectra are
now centered around the mean of the data set. In general, mean-centering enhances the
concentration differences between samples resulting in more accurate calibration models.

2. First difference spectra are generated by calculating the arithmetic difference between the
individual points of the raw spectral data. For a spectrum with n points, the first difference
spectrum would be [ (X;-X)), (X5-X,), ...(X,-X.1) ]. The resultant first difference spectrum
would contain n-1 points. Using first difference preprocessing has the effect of correcting any
baseline offsets in the spectra. Mid-IR spectra typically do not suffer from substantial baseline
shifts, unlike near-IR spectra where baseline offsets are commonplace and where baseline
correction is typically essential.

3. Second difference spectra are generated by taking the first difference of a first difference
spectrum. The result is a spectrum with n-2 points. Using second difference preprocessing
corrects both the baseline offset as well as any sloping of the baseline.

The first and second derivatives may be approximated as the first and second differences. However, the
Savitsky-Golay and Gap methods'® are more exact derivatives. There are disadvantages inherent to all
of these methods. Difference spectra are often more noisy because the method does not incorporate any
smoothing capability. The Savitsky-Golay and Gap methods are often more complicated to use because
they require additional parameters for the calculation. Future investigations might look at the effects that
these alternate methods may have on the accuracy of the calibration.

Vil. PLSplus CALIBRATIONS

Fuel property values for all of the fuels in the calibration sets were entered into a master file to
develop the first, or preliminary, correlations. In this preliminary operation we identified possible
property value outliers in each category. When feasible, the identified outliers were reanalyzed to
confirm or correct the data. When reanalysis was not feasible, the outlier fuel was excluded from
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the second calibration in which each fuel property was individually correlated with the
corresponding spectra. As new outliers may be identified in each successive calibration, their
exclusion could yield improved, or apparently improved, calibration models. However, while in
some studies up to 10 percent of the total number of samples are excluded, in our studies only those
outliers we identified in the preliminary calibrations were excluded in the subsequent calibrations
for individual fuel properties. This resulted in outliers numbering less than 5 percent of the total
number of samples in their respective fuel set. Table 4 shows the number of samples used (a) in each
fuel set, (b) in the precalibration runs, (c) in the individual fuel property calibrations, and (d) for
validation.

The effects of several precalibration and calibration parameters were explored, including mean-
centering of spectra, mean-centering of first and second difference spectra, varying the number of
cross-validation rotation samples from 5 to 50, and excluding featureless (baseline) regions of
spectra. The number of data points in each spectrum was reduced within the 4000 to 650 cm™ region
to 869 for spectra from Instrument A and to 838 for spectra from Instrument B.

Using mean-centered spectra from Instrument A and Fuel Set D, some preliminary models were
constructed for the following eight fuel properties: density (D 4052); kinematic viscosity, cSt, at
40°C (D 445); cetane number (D 613); two cetane indexes (D 976 and D 4737); carbon-to-hydrogen
ratio (D 5291); net heat of combustion (D 240); and total aromatic hydrocarbon contents (D 5196).
After the property value outliers were excluded from these preliminary calibration models using
factors at p < 0.75, individual calibration models were developed for each of these eight properties
using (a) mean-centered, (b) mean-centered first difference spectra, and (c) mean-centered second
difference spectra generated on both Instruments A and B. Calibration and validation results are
summarized in Tables 5-8. Calibration and validation experiments gave variable results. Calibration
results, judged by the SEP(CV) and R? values, gave best results if only mean-centered spectra were
used, with mean-centered first difference pretreatment providing nearly identical results. Normally,
mean-centered second difference spectra gave inferior results. Validation experiments gave much
wider variations in the result. However, generally, mean-centered or mean-centered first difference
spectra gave better results than mean-centered second difference spectra.

Effects of increasing the number of samples in the cross-validation rotation from 5 to 50 were
explored using mean-centered and mean-centered second difference spectra. These calibration data,
summarized in Table 9, indicate that sample rotation of 5 samples produced better statistics than
sample rotation of 50 under either preprocessing modes. Validation results are summarized in
Tables 10 and 11 for the mean-centered and mean-centered second difference spectra. These data
indicate that sample rotation of 50, or approximately 10 percent of the total sample population, may
provide essentially identical results as using 5 samples in each rotation, and substantially reduce the
time required to build the calibration model. These observations stress the need to verify the
performance of calibration models using validation samples.

It was also shown that exclusion of featureless baseline segments of the raw, baseline uncorrected
spectra within the single spectral region of 4000 - 650 cm™ decreased the computer time required
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to build the calibration model. However, it did not appreciably affect the calibrations' R? and
SEP(CV) values.

To foster reasonable simplicity and comparable results in this study, it was decided to carry out
calibrations on mean-centered baseline uncorrected spectra within the single spectral region of 4000-
650 cm™, using cross validations with a sample rotation of five fuels. While we showed that further
individualized refinements may be carried out, achieving such further refinements are beyond the
present scope of this project.

The three sets of fuels samples, collected during three different climatic seasons, provided
comparison in calibration results among the various fuel sets and their combinations. While minor
seasonal adjustments were noted in density values, most seasonal variations in fuel composition were
masked by geographic regional effects, as shown in Table 3. For this reason, only summary results
are presented for the individual Fuel Sets A, B, and C, while providing more details from the studies
for composite Fuel Set D, based on spectra generated in FT-IR Instruments A and B.

Results for each set of calibration experiments are summarized in tables noting (a) property name,
(b) number of samples in the calibration set, (c) number of factors (F) used, (d) SEP(CV), and
(e) R?, using (1) factors at minimum PRESS and (2) factors as recommended by Haaland and
Thomas, i.e., the number of factors at the first PRESS value at which the F-ratio probability (p)
dropped to or below 0.75.

In evaluating the significance and usefulness of the calibration data, both the data error, as expressed
by SEP(CV) and data scatter or "goodness of fit", i.e., the squared correlation coefficient, R2, must
fall within acceptable limits. However, the listed SEP(CV) error data may not be directly compared
to the precision statements of the benchmark ASTM or ISO methods that are summarized in Table
2. The presented calibration data relate to the quality of correlations of data derived between the
historically accepted benchmark methods and the spectral data, but do not reflect the repeatability
or reproducibility of the FT-IR method, as no such data have been produced in this study. However,
both data sets relate to the boundaries for the accepted or the achievable values. Comparing the
SEP(CV) data from the FT-IR correlations and the precision statements of the standard methods in
such a light provides a cursory measure of acceptability of the FT-IR data.

The squared correlation coefficients, R?, between the benchmark data and the FT-IR values include
the scatter of both methods. Since the FT-IR spectra are correlated to the data derived by the
benchmark methods, without further treatment the FT-IR data cannot be better than that on which
they are based. Any uncertainty in the benchmark data will be part of the FT-IR data. For instance,
as density (an FT-IR correlatable fuel property) may be determined with precision, the derived FT-IR
data are also defined to a high degree of precision. However, cetane number (as determined by an
engine test using ASTM D 613 procedures) has a substantial error band, as shown in Table 3. The
data scatter in such imprecise benchmark methods was carried into the FT-IR correlations, as
reflected by the R? data of between 0.7 and 0.8 and by the SEP(CV) values, ranging up to about 2
cetane number units. For the range of values of our data sets, the repeatability and reproducibility
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figures for the determination of the heat of combustion, ASTM D 240 specifies 56 and 172 Btu/lb.
The SEP(CV) values of the FT-IR data were found to be between 16 and 26 Btw/lb. Such apparent
reversal in the expected values obviously does not imply improved accuracy of the derived data over
that of the calibration data. However, it indicates enhanced precision in the FT-IR data due possibly
to reduction of the subjective elements during FT-IR operations.

Two methods were used to evaluate correlations between the benchmark and the new method. A
simple way of assessing the agreement between the standard and new measuring techniques
considers the residual errors (arithmetic differences) between the benchmark and new methods.
Another procedure uses the limits of agreement.'® ' This method is recommended for cases where
the benchmark methods may not give highly accurate true values. Since a number of procedures
used in petroleum laboratories are empirical methods, or they rely on imprecise engine tests, this
criterion is generally applicable. To generate the limits of agreement between the old (accepted) and
new (FT-IR) methods, the residual error is plotted against the average value of the two methods, and
the standard deviation is evaluated. The correction procedure proposed by Faber and Kowalsky?,
which may yield a lower, more realistic estimate of the true prediction error, will be the subject of
a future report.

In the validation tables, data are presented from the benchmark measurements, the derived FT-IR
values, and their residual errors. For each data set, the minimum, maximum and average of these
values, as well as the sample standard deviation for the residual data, are given.

Calibration Data Based on Spectra from truments A and B
for Fuel Sets A.B.and C

Summaries of the calibration data, based on spectra obtained on Instrument A for Fuel Sets A, B,
and C, are shown in Tables 12-14. These data were evaluated by examination of the SEP (CV) and
R2 data pairs. Two density data are shown, as calibrated to both the original manual method (ASTM
D 1298), and automatic (ASTM D 4052) method. While both calibrations provided excellent
results, data based upon ASTM D 4052 provided slightly improved correlations. Acceptable-to-
excellent correlations were also established for kinematic viscosity, boiling point at 50%, cetane
number, cetane indexes, carbon and hydrogen contents, carbon-to-hydrogen ratio, net heat of
combustion, and monocylic-, dicyclic-, polycyclic- and total aromatic hydrocarbon concentrations.
FT-IR provides intermediate grade correlations with boiling points at 10, 90 and 95%, and final
boiling point, usable only for non-critical applications. While the SEP(CV) values for cloud-, freeze-,
and pour points were lower than the ASTM defined reproducibility values, the corresponding low
R? data discourage their use in critical applications. Large SEP(CV) and low R? data for flash point,
initial boiling point and lubricity values, as determined by the high frequency reciprocating rig,
HFRR (ISO/CF-12156 and the to-be-published ASTM D 6079), indicate that FT-IR may not give
acceptable values. Data for water (ASTM D 1744), gum (ASTM D 381) and sulfur (ASTM D 4294)
contents, and lubricity by the BOCLE (ASTM D 5001) and its modification (the U.S. Army scuffing
load methods) gave such poor correlations during preliminary analyses that further calibrations to
these properties were abandoned.

11




Summaries of the calibration data, based on spectra obtained on Instrument B for Fuel Sets A, B,
and C, are shown in Tables 15-17. Conclusions are essentially identical to those reached for
Instrument A.

The marginally better correlation derived from Instrument B is probably due to the instrument's
higher signal-to-noise ratio, S/N. The S/N values were 5,660 vs. 9,650 in the wavenumber range of
2,150-2,100 cm™ for Instruments A and B, respectively. The higher S/N ratio of Instrument B
appear to be due to the lower mirror velocity.

B. Validations for Fuel Sets A, B, and C

Separate calibration models were obtained for each fuel property under consideration. The factors
in these calibration models were selected at the first PRESS values at which the F-statistic
probability (p) dropped to or below 0.75. Using selected batches of these calibration models,
calculations were made to obtain a number of fuel property values for each fuel of the validation set
that comprised an independent group of analyzed fuels.

Validation summaries, using spectra obtained on Instrument A, are summarized in Tables 18-20,
while those for Instrument B are given in Tables 21-23. Each of these summary tables show the
minimum, maximum, and average of the individual fuel property values for all fuels of the validation
sets as measured by the appropriate ASTM procedures, as calculated from the FT-IR spectra and the
residual error between these two corresponding values. Additionally, the sample standard deviations
for the column of the individual residual errors are also included.

Comparison of the SEP(CV) and R? values for the three fuel sets in Tables 12-17, and in Tables 18-
23 indicate similar error and scatter data, encouraging the evaluation of the effects of combining the
three seasonal fuel sets into one unified training set.

C. Calibrations on Spectra from instrument A for Combination Fuel Set D

Fuel Set D comprised 547 samples. After preliminary calibrations, fuel property value outliers (using
factors at p<0.75) were excluded and separate training sets were constructed for each fuel property.
Results of these calibrations, summarized in Table 24, indicate that the combined set of fuels gave
similar or marginally better SEP(CV) and R? values in comparison with the separate fuel sets.

Comparison of the benchmark ASTM values and the FT-IR derived values within this training set
are shown in Figures 1-27. Such graphs are presented for the following fuel properties: API gravity
and density based on ASTM D 1298 and D 4052; kinematic viscosity at 40°C in cSt; flash-, cloud-,
freeze-, and pour points; initial boiling point; boiling points at 10-, 50-, 90-, and 95%; final boiling
point; cetane number determined according to ASTM D 613; cetane indexes according to ASTM D
976 and 4737, hydrogen and carbon contents; carbon-to-hydrogen ratio; net heat of combustion in
units of MJ/kg and in Btw/lb; aromatic hydrocarbons in monocyclic-, dicyclic-, and polycychc
structures; and total aromatic hydrocarbons.
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The best correlations were demonstrated for density, kinematic viscosity, boiling point at 50%
evaporated volume, both cetane indexes, heat of combustion, and aromatic hydrocarbon components.
Cetane number correlations between ASTM D 613 and the FT-IR derived data seem to be as good
as the precision of our benchmark data allowed.

The FT-IR derived data on flash-, cloud-, freeze-, and pour points provided lower quality
correlations that are not suitable for critical applications. Correlations to flash point and initial
boiling point were shown to be poor. Correlations with sulfur and water contents, and lubricity data
according to the BOCLE, scuffing load, and HFRR methods, gave unacceptable results as indicated
by the SEP(CV) and R? values, as illustrated in Figures 28-29 for the sulfur and HFRR data pairs.

The poor quality of correlations with flash point may be due to detectibility limitations at the low
concentrations of the most volatile hydrocarbons that define flash point. The problem with the
determination of initial boiling point, and boiling point at 10%, may be due to imprecise observation
of these data points, occurring where the concentration vs. boiling-point curve changes rapidly. The
fact that many sulfur bonds produce weak infrared bands, coupled with low sulfur concentrations
in the test fuels, yield imprecise results. The most probable reason for the lack of acceptable
correlations between lubricity data and FT-IR may also be linked to detectability limits, as the
various (known and unknown) polar components that are responsible for the fuels' lubricity are only
present at low parts per million concentrations.

Fuel Set D included about 25 turbine fuels, having cloud and freeze points at or below -30°C and
pour points at or below -50°C. When these fuels were excluded from the cloud-, freeze-, and pour
point data sets, thus constructing training sets comprising only diesel fuels, the SEP(CV) values
improved. Corresponding increases in R? values were not observed due to a change from a two-
cluster to a single-cluster data set. When outliers of these modified training sets were removed,
further data improvements were observed. These data are also given in Table 24. Graphical
presentation of the ASTM vs. FT-IR data from these series of calculations is shown in Figures 30-32.

While it is unfortunate that the common calibration model for both turbine and diesel fuels gives less
accurate measurement of these cold temperature related properties, it is still encouraging that within
the diesel fuel range, acceptable values may be obtained from FT-IR spectroscopy. Conceivably,
a substantially increased number of turbine fuels in the training set would yield improved
correlations between the ASTM and FT-IR derived data pairs, as suggested in References 6 and 7.

Calibrations on ctra from Instrument B for Combination Fuel

In analogous experiments to those performed on spectra obtained on Instrument A, calibrations were
also carried out on spectra generated on Instrument B. The results of these calibrations are
summarized in Table 25. As in Table 24, cloud-, freeze-, and pour point data were also included for
the exclusively diesel fuel set, after the turbine fuels were excluded from the training set.
Calibrations restricted to diesel fuels for the other fuel properties have not yet been performed.

13




Comparison of the data in Tables 24 and 25 reveal that while all data are similar, the SEP(CV) and
R? values are more favorable when they were derived from spectra obtained on Instrument B. To
provide a more complete picture, some of the poorer quality data are also presented, e.g., those for
flash point, initial boiling point, carbon- and sulfur contents, and the lubricity data according to the
HFRR measurements.

Comparison of data measured by the ASTM methods, with the FT-IR derived data within this
training set, is graphically illustrated in Figures 33-64. Essentially identical conclusions may be
drawn from experiments based on spectra from either Instrument A or Instrument B.

E. Validations on Fuel SetD

Validation of the calibration models, based on spectra from Instruments A and B, for each selected
fuel property was performed using 137 fuel samples. These samples were not part of the calibration
training set.

As noted before, for each validation sample, the considered data are the benchmark (ASTM) results,
the derived FT-IR values and their residual errors. The validation data for property values derived
from spectra from Instruments A and B are summarized in Tables 26 and 27, respectively. In these
tables, from each of the data sets we show only the minimum, maximum and average values, and
the sample standard deviation for the residual errors.

A summary of the validations of the calibration models restricted to diesel fuels for cloud-, freeze,-
and pour points is given in Table 28. It is demonstrated that excluding the turbine fuels from the
calibration training sets and the validation set of samples, the FT-IR data gave better agreement with
the ASTM data. When the outliers were excluded from the training set comprising exclusively
diesel fuels, further improvement was noted in the agreement between the two methods of
measurements as shown in the respective SEP(CV) values in Tables 24 and 25.

valuation of Validation Er

The validation samples were analyzed by the same reference methods that were used for the analysis
of the calibration samples. Therefore, statistically the same percent of the sample set may contain
erroneous or outlier data. While we excluded several outliers from the calibration fuel set, no outlier
detection method was used on the validation samples. Therefore, no outliers were excluded from
this set.

1. Residual error of the validation experiments are shown in Tables 26-28. These tables show the
minimum, the maximum, and the average deviations between the two sets of measurements.
However, they do not reflect the frequency of larger deviations from the mean. More detailed
evaluation of the data is available by examination of barcharts showing sample-to-sample
residual errors between the ASTM and FT-IR data. Since these barcharts are essentially identical
as derived from either of the two FT-IR instruments, only those barcharts based on spectra from
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Instrument B are presented in Figures 65-92. Residual errors for the fuel set restricted to diesel
fuels are illustrated in Figures 93-95.

Residual error bands at two standard deviations (20) were determined for the FT-IR
determination of each of the considered fuel properties. These data, based on spectra obtained
on Instrument B using Fuel Set D, are summarized in Table 29.

2. Limits of agreement plots are shown in Figures 96-126, indicating the limits corresponding to
1 and 2 standard deviations. Table 29 summarizes the validation errors in the determination of
the various fuel properties in Fuel Set D, using Instrument B. All error data shown refer to 2
standard deviations (20) for the residual errors and for the limits of agreement. Additionally, the
number of samples outside the 20 limits from the 137 validation samples are also included.

Cursory evaluation of the validation error bands may be done by comparing them to the precision

statements of the benchmark ASTM tests summarized in Table 2. If the “1 in 20" general ASTM

outlier rule is applied for the FT-IR data, six to seven outliers may be “allowed.” Note, however,

that several of the stated 20 limits of agreement are outside the range of acceptable precision, as .
summarized in Table 29. Accordingly, at the present state of development, the following fuel

property values may be confidently measured by FT-IR:

gravity, API° density, g/ml kinematic viscosity, cSt, 40°C
boiling point, 50% cetane index carbon, wt%

hydrogen, wt% CH heat of combustion, MJ/kg
monocyclic aromatics, wt% dicyclic aromatics, wi%  polycyclic aromatics, wt%

total aromatics, wt%

Validations of the calibration model for cetane number (based on data from the engine test specified
in ASTM D 613) gave limits of agreement at 20 of 4.7, which is outside the reproducibility range
of the specified 2.5-3.3 cetane numbers. It is expected that agreement between these two methods
may be substantially improved through more precise calibration data.

Viill. COMPARISON OF FT-IR AND NEAR-IR

A comparison was made of several calibration models developed from near-IR and FT-IR spectra
to either demonstrate essential equivalency of the results provided by the two methods or show
superiority of one method over the other. For this work, models of a restricted set of fuel properties
were developed using identical calibration and validation fuel sets. The selected fuel properties
included those that gave superior, average, and relatively poor correlations using the FT-IR
frequency region. The selected eight fuel properties were:

density, as correlated to data from ASTM D 4052;

kinematic viscosity, cSt, at 40°C, as correlated to data from ASTM D 445;
cetane number, as correlated to data from ASTM D 613;
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calculated cetane index, as correlated to data from ASTM D 976;

calculated cetane index, as correlated to data from ASTM D 4737,
carbon-to-hydrogen ratio;

net heat of combustion, as correlated to data from ASTM D 240;

total aromatic hydrocarbon content, as correlated to data from ASTM D 5186.

The FT-IR spectra were taken on Instrument B (PE/S2000), while the near-IR spectra were obtained
on a Brimrose AOTF spectrometer.

Calibration models were made according to the established two-step procedure. Fuel set D was used
for these calibration experiments. In the preliminary calibrations all eight fuel properties were
included in a common training set to identify the outliers. The outlier fuels were excluded from
calibrations to the individual fuel properties. The number of fuels in the preliminary training set
was 547, while the training sets used for the individual fuel properties consisted of between 529 and
538 fuels. Calibration preprocessing of the FT-IR calibrations consisted of mean centering the
spectra. Preprocessing of the near-IR set comprised taking first difference of the mean centered
spectra, to comply with unpublished recommended results of a related large study conducted at the
TARDEC Fuels and Lubricants Research Facility, located at Southwest Research Institute.

Results of the individual calibrations from both the near-IR and FT-IR experiments are summarized
in Table 30, using data corresponding to factors selected at p<0.75. From the up to 20 PRESS
factors allowed during the calibrations in both spectral sets, FT-IR required a higher number of
factors than near-IR, both at minimum PRESS values and at p<0.75. Both SEP(CV) and R? values
were found to be more favorable when FT-IR was used.

Near-IR and FT-IR spectra were collected on each of the 137 fuel samples that comprised the
validation set. Using the appropriate calibration models, fuel properties were calculated from the
corresponding spectra. The summary of the FT-IR and the near-IR results are shown in Tables 31
(an abstract of Table 27) and 32, respectively. While validation results gave essentially identical
statistics for the determination of the heat of combustion values, for each of the other seven
properties, FT-IR gave more precise results.

IX. MATLAB CALIBRATIONS

For comparison purposes, a series of models were constructed in MATLAB™ using PLS_Toolbox™.
The incentive for generating calibrations in MATLAB was driven by its reported flexibility, its
advanced options, i.e., a wide selection of calibration techniques and calibration transfer, and the ability
to extract the final regression coefficients for each model and incorporate them into a custom
application.

Models constructed for this study were the same as those selected for the comparison of FT-IR and
near-IR studies: density (D 4052); kinematic viscosity, cSt, at 40°C (D 445); cetane number (D 613);
two cetane indexes (D 976 and D 4737); carbon-to-hydrogen ratio (D 5291); net heat of combustion
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(D 240); and total aromatic hydrocarbons (D 5196). As described above, the models were built with
spectra from both Instrument A and B, Fuel Set D, using (2) mean-centered, (b) mean-centered first
difference, and (c) mean-centered second difference preprocessing. For Instrument A, the number
of data points was reduced to 869 from 1738 by using every other wavelength, and Instrument B was
reduced to 838 from 3351 by using every fourth wavelength. PLS regressions were performed on
each property for each type of preprocessing. Ideally, similar results should be obtained from each
software package with minor changes resulting from custom modifications made by each developer.
The two packages differ in the type of statistics that are presented to the user, the way in which
outliers are detected, and the way by which factors are selected. Therefore, the samples identified
as outliers in each package could also vary. For these reasons, direct comparison of the results
offered by the two computer programs is limited. :

Discussions with the developers of PLS_Toolbox™ resulted in some changes to the calibration
parameters. A leave-one-out cross validation was found to be rather time consuming, requiring
approximately 2 hours of computer time for each property when calculating 20 factors. The
suggestion was made by the developers of PLS_Toolbox™ that the number of times that the data
is split should be equal to the square root of the number of samples up to a maximum of ten; thus,
for a 500 sample calibration set, the number of splits would be ten, which is equivalent to a leave-50-
out cross validation. Because a large number of samples are being removed during each rotation,
there is the possibility that a small group of unique fuels are being estimated that have no
complimentary samples in the calibration set. Therefore, the results might appear worse than those
obtained from a leave-one-out cross validation. This could affect the final calibration only if the
unique fuels are removed as outliers, reducing the robustness of the calibration.

To aid in the selection of the appropriate number of factors for the model, PLS_Toolbox™ provides
the user with a PRESS plot and a table showing the percent variance captured by the model. The table
reveals the X- and Y-block contributions of each factor to the model, based on the amount of variation
that they captured. The X-block variables are the predictor variables (i.e. absorbance at various
wavelengths), while the Y-block variables are the predicted variables (i.e. fuel property values)."” The
number of factors were chosen as the highest numbered factor whose percent variance was greater than
or equal to 1.0 for the Y-block variables while still being less than or equal to the factor which gave
the global minimum in the PRESS plot. Otherwise, the factor which corresponded to the minimum
in the PRESS plot was selected. The reasoning here is that the Y-block variables have at least 1%
variation due to error in the benchmark methods. For example, Table 33 shows percent variance
captured for density. Based on the table, seven factors, accounting for 91.32% of the total variation
in the Y-block, were chosen. Because factors eight through ten contribute substantially less to the
model, adding these additional factors could cause the model to become overfit. The following
discussion and plots will continue to use this seven-factor density model as an example.

Once the number of factors for the model are selected, the user is presented with plots of Predicted
vs. Actual (Figure 127) and Leverage vs. Studentized Residuals (Figure 128), which are useful for
outlier detection. A large studentized residual (>3) indicates that a sample could have an incorrect
property value. On the other hand, a high leverage indicates that a sample has a large influence on

17




the model, perhaps because it is unique in some way or the spectrum was run incorrectly. Two other
plots that are useful for outlier detection are that of Q vs. Sample Number (Figure 129) and T? vs.
Sample Number (Figure 130). Q measures the amount of variation a sample has outside of the
factors defined for the model. Stated otherwise, it measures the amount of non-deterministic
variation left over after the deterministic variation has been removed.” T? measures the distance of
the sample from the multivariate mean (i.e. within the model). The plots clearly indicate those
samples that have unusual values of Q and T2, thereby identifying them as possible outliers.

Summary statistics of the final calibration sets for Instruments A and B are shown in Tables 34 and 35,
respectively. For each property and type of preprocessing, the tables show the minimum and maximum
for the calibration and outlier sets and the number of outliers removed during each calibration. These
statistics are useful to identify the range that each calibration covers and where the outlier set has samples
that lie at either extreme of the fuel property range. Caution is warranted in handling samples with
extreme property values. Samples that lie at the extremes of a calibration set are often (and incorrectly)
identified as outliers and removed from the set. Samples with extreme property values are easily
identifiable as they will often appear as high leverage samples in the Leverage vs Studentized Residuals
plot. Tables 33-36 contain the validation statistics for both instruments A and B.

A. Calibrations for Instrument A, Fuel Set D

The SEP(CV) and SEC for the Instrument A calibrations are presented in Table 37. Also shown
are the number of factors used to build each calibration model. Notice that there is very little
difference among the various calibrations when run with different types of preprocessing. For
first-difference/mean-centered preprocessing only two properties, cetane number and kinematic
viscosity, show an improvement over mean-centered preprocessing as judged by the SEP(CV).
For second-difference preprocessing, only cetane index (D 4737) shows an improvement over the
other two types of preprocessing. However, because the improvements over mean-centered
spectra are small, further modification of the spectra with 1st and 2nd differences may be
unnecessary (in agreement with results obtained using the Galactic PLSplus program). The
SEP(CV) for the remainder of the properties indicate that mean-centered spectra are best. The
validation phase of the experiment will help to further clarify the best parameters for property
estimation using Instrument A.

B. Calibrations for Instrument B, Fuel Set D

The SEP(CV) and SEC for Instrument B are presented in Table 38. Calibration statistics for
Instrument B indicate that cetane number and kinematic viscosity are best estimated when using a
2nd difference preprocessing as opposed to 1st difference preprocessing in Instrument A. Aromatics
appear to be slightly better with first difference preprocessing, while density and C/H ratio are best
when using only mean-centered spectra. Cetane indexes (D 976 and D 4737) and heat of combustion
gave identical results for all three types of preprocessing. Again, the use of validation statistics,
namely SEP and R?, should give us a clear indication of the best data pretreatment.
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C. Validations for Instrument A and B, Fuel SetD

In order to determine the ability of the new models to estimate the properties of unknown fuel
samples, validation experiments were carried out using the validation set of fuels. From the results
of the validations, the SEP and R? were calculated for Instrument A (Table 39) and Instrument B
(Table 40). For each instrument, the SEP and R? pairs for each property are bolded indicating the
best type of preprocessing for that particular property. For both Instruments A and B, a high degree
of correlation was found between the SEP and R? values. Therefore, any decisions made concerning
the best preprocessing method can be made with confidence.

Unequivocally, the results for density, C/H ratio, and heat of combustion were best when using
mean-centered spectra from either instrument. First difference spectra gave the best results for
aromatics. The remainder of the properties showed significant variation between Instruments A and
B. In several cases, the SEP was identical for two or more types of preprocessing, so the final
decision was made based on the pretreatment that gave the highest R* value.

Currently, we are not using any statistical methods for determining outliers in the validation set while
running under PLS_Toolbox. Therefore, no samples have been removed. However, future
investigations will attempt to utilize some outlier detection routines in the validation phase of the
experiments. This should improve the overall results of the validation statistics (SEP and R?), but will
have little or no effect on the calibration itself. Findings from this study indicate that while PLSplus is
more user friendly and much simpler to operate, PLS_Toolbox is more powerful because of its flexibility
and more advanced options (i.e. calibration transfer and wide selection of calibration techniques).

X. SUMMARY AND CONCLUSIONS

As an alternative to established laboratory protocols, an FT-IR method was developed for the rapid,
simultaneous determination of several pertinent fuel properties, using less than 2 mL of sample. The
method uses a single wavelength range of baseline uncorrected, raw FT-IR spectra. Neither baseline
correction nor use of restricted wavelength regions improved the models.

Using training sets composed of over 500 middle distillate fuel samples, models were built to derive
pertinent fuel properties from FT-IR spectra. These models showed that a single calibration training
set may properly model several properties of fuels collected during different climatic seasons.
Cursory experiments suggest that properties of diesel and turbine fuels may be more accurately
derived by FT-IR if separate calibration models are used for each class of fuel, i.e., for diesel fuel,
and turbine fuel. However, separate calibration models may prove to be unnecessary to model these
fuel classes if the number of analyzed turbine fuel would be substantially increased in the training
set.

At the present state of development, the following fuel property values may be confidently measured
by FT-IR: gravity, API°; density, g/ml; kinematic viscosity, cSt, at 40°C; boiling point at 50%; cetane
index; carbon, wt%; hydrogen, wt%; carbon-to-hydrogen ratio, C/H; heat of combustion, MJ/kg;
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monocyclic aromatics, wt%; dicyclic aromatics, wt%; polycyclic aromatics, wt%; and total aromatics,
wt%. The combined calibration and validation summary data are presented in Table 41, also
reproduced here.

Calibration and Validation Summary (Fuel Set D; Instrument B)

Calibration Validation
F @ PRESS (min) F @ p<0.75 SEP at
Property F SEP(CV) _R* _ F_ SEP(CV) R? F@p<0.75

AP gravity (D1298) 20 0.16 0.9959 18 0.16 0.9957 0.21
density (D1298) 18 0.0008 0.9963 18  0.0008 0.9963 0.0009
AP gravity (D4052) 20 0.12 0.9977 20 0.12 0.9977 0.18
density (D4052) 20 0.0005 0.9985 19  0.0005 0.9984 0.0006
kin. visc. cSt, 40°C 20 0.066 0.9782 19 0.067 0.9773 0.09
flash point, °C 20 43 0.6078 17 4.4 0.5886 6.0
cloud point, °C 20 2.8 0.8693 17 2.8 0.8612 45
cloud point, °C (1) 20 1.9 0.7810 16 2.0 0.7690 71
cloud point, °C (2) 19 1.7 0.8187 16 1.7 0.8092 7.3
freeze pt, °C 20 3.0 0.8724 16 3.1 0.8659 45
freeze pt, °C (1) 20 2.0 0.7678 14 2.1 0.7518 6.8
freeze pt, °C (2) 20 1.7 0.8081 15 1.8 0.7960 7.2
pour pt, °C 20 4.4 0.8216 14 45 0.8116 5.1
pour pt, °C (1) 20 40 0.6883 14 4.1 0.6692 6.7
pour pt, °C (2) 20 37 0.7263 17 3.8 0.7143 71
initial bp, °C 19 6.3 0.6760 14 6.5 0.6555 9.8
bp-10, °C 20 47 0.8896 15 48 0.8852 6.4
bp-50, °C 20 2.4 0.9794 16 25 0.9782 47
bp-90, °C 20 5.8 0.8710 18 5.9 0.8661 8.0
bp-95, °C 20 7.5 0.8093 18 7.7 0.7989 9.8
final bp, °C 20 7.9 0.7767 16 8.1 0.7639 10.6
cetane number (D613) 18 1.54 0.7920 12 1.58 0.7811 2.4
cetane index (D976) 20 0.62 0.9498 14 0.64 0.9469 1.21
cetane index (D4737) 20 0.60 0.9579 14 0.62 0.9556 1.35
hydrogen, wt% 9 0.075 0.9404 5 0.077 0.9376 0.10
carbon, wt% 5 0.223 0.6637 2 0.228 0.6495 0.26
CH 9 0.036 0.9603 5 0.037 0.9581 0..0494
heat of comb., MJ/kg 15 0.046 0.9288 7 0.047 0.9248 0.06
heat of comb., Btu/lb 17 19.85 0.9286 7 20.35 0.9249 27
monocyclic ArH, wt% 20 0.336 0.9947 20 0.336 0.9947 0.42
dicyclic ArH, wt% 20 0.243 0.9878 18 0.249 0.9872 0.046
polycyclic ArH, wt% 20 0.201 0.8378 14 0.206 0.8302 0.28
total ArH, wt% 20 0.377 0.9963 18 0.387 0.9961 0.50

Please Note:

No. of Samples” : excluded outliers identified in preliminary calibrations using 547 samples
property (1): excluded jet fuel samples from calibrations under property name

property (2). excluded outliers identified under calibrations in property(1)

ArH = acoustic hydrocarbons

F = factors = terms in equation to model property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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In comparing the calibration results obtained from each of the two software packages, some notable
differences are found. First, for all properties the number of factors used in building the calibration
models are significantly greater when run under PLSplus than under PLS_Toolbox. Because the type
of statistics presented to the user vary between the two applications, the selection of factors will also
vary. Second, because PLSplus is incorporating more factors into its calibration equations, the
calibration statistics will normally indicate that it provides better models. As a result, in most cases
the SEP values were slightly lower for the models developed by PLSplus than by PLS_Toolbox
(Tables 27 and 40, respectively). However, the differences are small enough that calibration models
built using either system may be suitable. At the current time, the main advantage that PLS_Toolbox
has over PLSplus is its ability to do calibration transfer, which is part of current investigations.

The manufacturers of Instrument B and several other instruments have already incorporated PLSplus
into their own software. This makes PLSplus more attractive as a quick solution for integration of
instrument control and calibration models. If more sophisticated applications are required,
integrating PLS_Toolbox calibrations into higher level programming languages, such as Visual
Basic, is a proven technique.

In regard to instrument performance and calibration, it is not our desire to specify the superiority of
one instrument manufacturer or software developer over another. The subjective nature of the
chemometric methods would make any such statements unjustifiable. Rather, we used Instruments
A and B to develop a foundation for calibration transfer, which will be reported in the near future.

For comparison, several calibration models were developed from near-IR and FT-IR spectra. It was
demonstrated that, as expected, FT-IR provides better models for the determination of fuel property
values.
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Fuel Property

TABLE 1. Analytical Procedures to Establish Calibration Data

Procedure

density, g/mL

density, g/mL

kinematic viscosity, cSt, at 40°C
cloud point, °C

freeze point, °C

pour point, °C

flash point, °C

distillation, °C

cetane number

calculated cetane index

calculated cetane index

carbon, wt%

hydrogen, wt%

carbon-to-hydrogen ratio

heat of combustion, net, MJ/kg

heat of combustion, net, Btu/lb
monocyclic aromatic hydrocarbons, wt%
dicyclic aromatic hydrocarbons, wt%
polycyclic aromatic hydrocarbons, wt%
total aromatic hydrocarbons, wt%
sulfur, wt%

lubricity by HFRR, mm

*equivalent method was accepted under ASTM D 6079; to be published
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ASTM D 1298
ASTM D 4052
ASTM D 445
ASTM D 2500
ASTM D 2386
ASTM D 97
ASTM D 93
ASTM D 86
ASTM D 613
ASTM D 976
ASTM D 4737
ASTM D 5291
ASTM D 5291
ASTM D 5291
ASTM D 240
ASTM D 240
ASTM D 5186
ASTM D 5186
ASTM D 5186
ASTM D 5186
ASTM D 4294

ISO/CD 12156 *




TABLE 2. Repeatability and Reproducibility of Standard Procedures

Property ASTM D Repeatability Reproducibility.
density, g/mL 1298 0.0005 0.0012
density, g/mL 4052 0.0001 0.0005
kin. visc., cSt, 40°C 445 014 @3 044 @3
cloud point, °C 2500 2.0 4.0
freeze point, °C 2386 1.0 25
pour point, °C 97 3.0 6.0
flash point, °C 93 2.0 3.5
initial bp, °C 86 3.5 8.5
bp-10, °C 86 - 1545 4.0-9.5
bp-50, °C 86 1545 4.0-9.5
bp-90, °C 86 2.0-5.0 45-12.0
bp-95, °C 86 2.0-5.0 4.5-12.0
final bp, °C 86 35 10.5
cetane number 613 0.6-0.9 2.5-3.3
calc'd cetane index 976 calculated calculated
calc'd cetane index 4737 calculated calculated
carbon, wt% 5291 C:0.98 @ 87% C: 244 @87%
hydrogen, wt% 5291 H: 042 @ 13% H: 0.83 @ 13%
C/H 5291 calculated calculated
heat of comb., net, MJ/kg 240 0.13 0.40
H, Btu/lb 240 55.9 172
1-ArH, wt% 5186 0.7 4.0
2-ArH, wt% 5186 0.7 4.0
poly-ArH, wt% 5186 0.7 4.0
total ArH, wt% 5186 0.7 4.0
sulfur, wt% 4294 0.02 0.04
HFRR, mm ISO/CD 12156* 0.11 @ 25°C 0.17 @ 25°C

*equivalent method was accepted under ASTM D 6079; to be published.
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TABLE 3. General Statistics for Property Values of Fuel Sets

Property ASTMD Minimum Maximum Average Range
Fuel Set A (December):
density, g/mL. 1298 0.7880 0.8703 0.8438 0.0823
density, g/mL 4052 0.7871 0.8716 0.8447 0.0845
cloud point, °C 2500 -60.4 -5.6 -16.8 54.8
freeze point, °C 2386 -59.4 -2.0 -13.4 57.4
pour point, °C 97 -75.0 -12.0 -29.9 63.0
kin. visc., cSt, 40°C 445 1.15 3.55 2.51 2.40
initial bp, °C 86 139 214 176 . 75
bp at 10%, °C 86 162 247 213 84
bp at 50%, °C 86 194 297 258 104
bp at 90%, °C 86 223 337 312 114
bp at 95%, °C 86 231 358 327 126
final bp, °C 86 241 371 341 130
cetane number 613 36.9 61.3 48.5 244
calc'd cetane index 976 37.3 57.0 47.0 19.6
calc'd cetane index 4737 374 59.6 471 222
hydrogen, wt% . 5291 12.29 14.33 13.10 2.04
carbon to hydrogen ratio 5291 5.9512 7.0968 6.6039 1.1457
heat of comb, net, MJ/kg 240 42.30 43.46 42.69 1.16
heat of comb, net, Btu/lb 240 18185 18684 18354 499
monocyclic aromatics, wt% 5186 9.0 36.2 239 272
dicyclic aromatics, wi% 5186 0.6 12.8 5.5 12.2
polycyclic aromatics, wt% 5186 0.1 34 13 3.3
total aromatics, wt% 5186 10.7 442 30.7 335
Fuel Set B (March):
density, g/mL 1298 0.7982 0.8687 0.8441 0.0705
density, g/mL 4052 0.7993 0.8692 0.8445 0.0699
cloud point, °C 2500 -60.5 -0.3 -17.1 60.2
freeze point, °C 2386 -54.7 24 -13.6 571
pour point, °C 97 -78.0 -6.0 -31.9 720
kin. visc., cSt, 40°C 445 1.14 4.05 248 2.91
initial bp, °C 86 132 210 175 78
bp at 10%, °C 86 158 256 212 98
bp at 50%, °C 86 182 297 257 116
bp at 90%, °C 86 224 340 311 116
bp at 95%, °C 86 230 359 326 129
final bp, °C 86 240 376 340 135
cetane number 613 40.3 60.0 49.0 19.7
calc'd cetane index 976 37.0 59.8 46.6 22.8
calc'd cetane index 4737 39.9 65.7 46.7 25.8
hydrogen, wt% 5291 12.49 14.00 13.10 1.51
carbon to hydrogen ratio 5291 6.1279 6.9664 6.6173 0.8385
heat of comb, net, MJ/kg 240 42.35 4322 42.68 0.87
heat of comb, net, Btu/lb 240 18205 18579 18350 374
monocyclic aromatics, wt% 5186 11.10 38.9 24.54 27.8
dicyclic aromatics, wt% 5186 0.4 116 5.9 11.2
polycyclic aromatics, wt% 5186 0.0 2.3 0.9 2.3
total aromatics, wt% 5186 13.0 472 31.2 34.2
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TABLE 3. General Statistics for Property Values of Fuel Sets

Property ASTMD Minimum Maximum Average Range

Fuel Set C (July):

density, g/mL 1298 0.7955 0.8719 0.8461 0.0764
density, g/mL 4052 0.7958 0.8728 0.8467 0.077
cloud point, °C 2500 -60.5 2.1 -16.0 62.6
freeze point, °C 2386 -54.7 6.6 -12.3 61.3
pour point, °C 97 -78.0 -3.0 -28.1 75.0
kin. visc., cSt, 40°C 445 1.14 4.05 2.58 291
initial bp, °C 86 99 229 176 129
bp at 10%, °C 86 158 256 215 98
bp at 50%, °C 86 182 297 261 115
bp at 90%, °C 86 224 347 314 123
bp at 95%, °C 86 230 375 328 145
final bp, °C 86 240 388 342 148
cetane number 613 40.3 60.0 49.4 19.7
calc'd cetane index 976 37.0 59.8 46.8 228
calc'd cetane index 4737 399 65.7 46.8 258
hydrogen, wt% 5291 12.36 14.30 13.06 1.94
carbon to hydrogen ratio 5291 6.0028 7.0744 6.6423 1.0716
heat of comb, net, MJ/kg 240 42.25 43.41 42.67 1.16
heat of comb, net, Btu/lb 240 18166 18664 18344 498
monocyclic aromatics, wi% 5186 7.7 38.9 245 31.2
dicyclic aromatics, wi% 5186 04 11.9 6.2 11.5
polycyclic aromatics, wt% 5186 0.0 2.8 1.0 28
total aromatics, wt% 5186 8.3 458 315 375

Fuel Set D (Combined fuel sets):

density, g/mL 1298 0.7880 0.8719 0.8455 0.0839
density, g/mL 4052 0.7871 0.8728 0.8461 0.0857
cloud point, °C 2500 -60.5 2.1 -16.3 62.6
freeze point, °C 2386 -59.4 6.6 -12.7 66.0
pour point, °C 97 -78 -3 -29 75.0
kin. visc., cSt, 40°C 445 1.14 4.05 2.55 2.91
initial bp, °C 86 99 229 176 129
bp at 10%, °C 86 158 256 214 98
bp at 50%, °C 86 182 297 260 115
bp at 90%, °C 86 223 347 313 124
bp at 95%, °C 86 230 375 328 145
final bp, °C 86 240 388 342 148
cetane number 613 36.9 61.3 49.0 244
calc'd cetane index 976 37.0 59.8 46.8 22.8
calc'd cetane index 4737 374 65.7 46.8 28.3
hydrogen, wt% 5291 12.29 14.33 13.07 2.04
carbon to hydrogen ratio 5291 5.9512 7.0968 6.6331 1.1457
heat of comb, net, MJ/kg 240 42.25 43.46 42.67 1.21
heat of comb, net, Btu/lb 240 18166 18684 18346 518
monocyclic aromatics, wt% 5186 7.7 38.9 244 31.2
dicyclic aromatics, wt% 5186 0.4 12.8 6.0 124
polycyclic aromatics, wt% 5186 0.0 3.4 1.1 3.4
total aromatics, wt% 5186 8.3 472 314 389
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TABLE 4. Number of Fuels Used in Calibration and Validation Experiments

total no. no. fuels in no. fuels in no. fuels in
Fuel Set of fuels precalibrations calibrations validations
A 208 168 159 - 167 40
B 232 186 179 - 185 46
C 245 195 188 - 193 50
D 682 547 528 - 543 137
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TABLE 5. Effects of Preprocessing on Calibration Models

Instrument A

Mean Centered Spectra

No. of F @ PRESS (min) F @ p<0.75
Property Samples F___SEP(CV) R? F__SEP(CV) R?
d-4052 540 20 0.0006 0.9974 19 0.0007 0.9973
kvisc. cSt, 40C 536 20 .0.080 0.9652 19 0.080 0.9640
cetane no. (D613) 533 16 161 0.7732 12 164 0.7641
CClI-976 538 18 0.64 0.9469 14 0.65 0.9448
CCl-4737 : 538 20 0.62 0.9559 15 0.63 0.9539
CH 539 7 00380 09548 5 0.0390 09532
H, MJ/kg 536 15 0.046  0.9310 8 0.047 0.9273
TArH, wt% 539 20 041  0.9958 18 041  0.9956
Mean Centered First Difference
No. of F @ PRESS (min) F @ p<0.75
Property Samples F__SEP(CV) R? F__SEP(CV) R?
d-4052 536 20 0.0006 0.9977 19  0.0006 0.9977
kvisc. cSt, 40C 537 20 0.097 0.9521 14 0.100 0.9495
cetane no. (D613) 532 13 163 0.7646 10 167 0.7515
CCl-976 536 14 067 0.9419 1 068 0.9396
CCl-4737 536 18 0.62 0.9559 13 0.63 0.9535
CH 539 9 0.039% 09512 6 0.0404 09493
H, MJ/kg 537 12 0.046  0.9289 7 0.047 0.9251
TArH, wt% 540 19 044  0.9951 16 0.45 0.9949
Mean Centered Second Difference
No. of F @ PRESS (min) F @ p<0.75
Property Samples F___ SEP(CV) R? F___ SEP(CV) R?
d-4052 544 20 0.0010 0.9941 19  0.0010 0.9938
kvisc. cSt, 40C 534 15 0.106  0.9409 13 0.109 0.9383
cetane no. (D613) 535 15 1.68 0.7576 11 1.72  0.7426
CCi-976 537 17 0.70  0.9351 13 0.71 0.9337
CCl-4737 539 17 0.69  0.9483 13 0.71  0.9457
CH 538 11 0.0415 0.9482 8 0.0419 09470
H, MJ/kg 536 11 0.047 0.9253 9 0.048 09227
TArH, wt% 542 20 057 0.9919 18 059 0.9914
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TABLE 6. Effects of Preprocessing on Validations
Instrument A

Mean Centered Spectra

Total Aromatics, wt% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Minimum 11.60 12.21 -1.81 59512 6.0027 -0.1395 0.7958 0.7984 -0.0026 42.25 42.29 -0.28
Maximum 42.90 43.12 0.97 7.0744 7.0368 0.2773 0.8668 0.8670 0.0018 43.46 43.35 0.10
Average 30.25 30.30 -0.04 6.5875 6.5903 -0.0028 0.8416 0.8416 -0.0000 42.71 42.72 -0.01
St. Deviation —_ - 0.47 e —_ 0.0531 - -—  0.0007 — — 0.06
Kin. viscosity, cSt, at 40C Cetane number (D 613) Cetane Index (D 976) Cetane Index (D 4737)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Minimum 1.14 0.90 -0.22 40.1 41.2 -13.9 37.01 38.62 -5.13 39.05 39.45 -2.59
Maximum 3.92 3.63 0.39 61.3 629 5.6 59.05 50.68 7.58 64.86 61.40 9.85
Average 2.42 2.42 0.00 491 493 -0.2 47.28 47.22 0.06 47.48 47.31 0.17
St. Deviation — — 0.10 — -—-- 2.40 — — 1.22 — -— 1.3
Mean Centered First Difference
Total Aromatics, Wt% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Minimum 11.60 11.95 -2.05 59512 59711 -0.1483 0.7958 0.7975 -0.0017 4225 42.27 -0.29
Maximum 4290 43.07 1.71 7.0744 7.0636 0.2884 0.8668 0.8674 0.0028 43.46 43.38 0.10
Average 30.25 30.25 0.00 6.5875 6.5893 -0.0024 0.8416 08416 -0.0000 4271 42.72 -0.01
St. Deviation —— - 0.45 -— --  0.0512 — -~ 0,0007 ——— —_ 0.06
Kin. viscosity, ¢St, at 40C Cetane number (D 613) Cetane Index (D 976) Cetane Index (D 4737)
summary ASTM FTIiR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Minimum 1.14 0.82 -0.29 40.1 43.3 -109 37.01 39.67 -5.89 39.05 40.57 -2.66
Maximum 3.92 3.68 0.36 61.3 50.9 6.4 59.05 60.21 7.39 64.86 62.09 9.66
Average 2.42 2.43 -0.01 49.1 49.2 0.1 47.28 47.24 0.04 47.48 47.39 0.09
St. Deviation e ~—en 0.11 ——e- —— 2.35 ———- —_ 1.24 —— — 1.27
Mean Centered Second Difference
Total Aromatics, wt% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Minimum 11.60 11.84 -1.97 59512 59267 -0.1187 0.7958 0.7949 -0.0028 42.25 42.25 -0.31
Maximum 42.90 43.69 1.26 7.0744 7.0856  0.2835 0.8668 0.8679 0.0037 43.46 43.38 0.14
Average 30.25 30.28 -0.02 6.5875 6.6894 -0.0019 0.8416 0.8417 -0.0002 42,71 42.72 -0.01
St. Deviation — -—-- 0.59 -—-- —  0.0534 - ~— 00010 —_ — 0.07
Kin. viscosity, cSt, at 40C Cetane number (D 613) _ Cetane Index (D 976) Cetane Index (D 4737)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
Mintmum 1.14 0.78 -0.29 40.1 43.1 -14.7 37.01 39.93 -6.32 39.05 40.35 -3.54
Maximum 3.92 3.64 0.56 61.3 63.7 59 59.05 60.41 6.47 64.86 62.34 9.12
Average 2.42 2.42 0.00 491 49 .4 0.3 47.28 47.25 0.03 47.48 47.43 0.06
St. Deviation - - 0.13 - - 2.49 —-e —— 1.26 — -— 1.24
Notes:

ASTM = ASTM values

FTIR = FTIR values

A-F=ASTM-FTIR
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TABLE 7. Effects of Preprocessing on Calibration Models

Mean Centered Spectra

Instrument B

No. of F @ PRESS (min) _ F @ p<0.75
Property Samples F___ SEP(CV) R? F SEP(CV) R?
d-4052 534 20 0.0005 0.9985 19 0.0005 0.9984
kvisc. cSt, 40C 529 20 0.066 0.9782 19 0.067 09773
cetane no. (D613) 533 18 154  0.7920 12 158 0.7811
CCi-976 536 20 0.62  0.9498 14 0.64 0.9469
CCl-4737 538 20 0.60 0.9579 14 0.62 0.9556
C/H 537 9 00380 0.9603 5 0.0370 0.9581
H, MJ/kg 538 15 0.046 0.9288 7 0.047 0.9248
TAH, wt% 536 20 0.38  0.9963 18 039 0.9961
Mean Centered First Difference
No. of F @ PRESS (min) F @ p<0.75
Property Samples F___ SEP(CV) R? F SEP(CV) R?
d-4052 542 20 0.0004 0.9987 20 0.0004 0.9987
kvisc. cSt, 40C 534 20 0.068 0.9766 19 0.068 0.9762
cetane no. (D613) 534 11 158  0.7807 9 161  0.7705
CCI-976 539 15 062 0.9494 12 0.64 0.9465
CCI-4737 538 19 0.60 0.9598 15 0.61  0.9580
CH 535 9 0.0367 0.9583 6 0.0373 0.9569
H, MJ/kg 538 9 0.047 0.9269 6 0.048  0.9240
TArH, wt% 539 20 0.38  0.9963 18 039 0.9962
Mean Centered Second Difference
No. of F @ PRESS (min) F @ p<0.75
Property Samples F SEP(CV) R? F SEP(CV) R?
d-4052 537 20 0.0006 0.9979 20 0.0006 0.9979
kvisc. cSt, 40C 535 20 0.077 0.9710 17 0.078 0.9697
cetane no. (D613) 531 13 159  0.7781 10 162 0.7680
CCI-976 535 17 0.63 0.9461 13 0.64 0.9447
CCl-4737 536 20 0.61  0.9581 17 0.62 0.9560
CH 539 16  0.0383  0.9552 9 0.0390 0.9536
H, MJ/kg 537 14 0.047  0.9247 8 0.048 09212
TArH, wt% 536 20 0.40  0.9960 19 040 0.9959
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TABLE 8. Effects of Preprocessing on Validations

Mean Centered Spectra

Instrument B

Total ArH, wi% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum 11.60 12.11 -2.94 59512 5.9966 -0.1299 0.7958 0.7992 -0.0034 42,25 42.25 -0.31
maximum 42.90 42.79 1.09 7.0744 7.0670 0.2684 0.8668 0.8670 0.0013 43.46 43.35 0.11
average 30.25 30.28 -0.03 6.5875 6.5905 -0.0030 0.8416 0.8416 -0.0001 4271 42,72 -0.01
sample std. deviation - -~ 050 ——- -~ 0.0495 - -~--  0.0006 ——— — 0.06
Kin. viscosity, cSt, at 40C Cetane number (D 613) Cetane Index (D 976) Cetane Index (D 4737)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum 1.14 0.78 -0.19 40.1 41.6 -13.5 37.01 38.32 -5.97 39.05 38.62 -3.11
maximum 3.92 3.66 0.36 61.3 62.5 55 59.05 58.88 7.71 64.86 60.56 10.04
average 2.42 2.41 0.01 49.1 49.3 0.3 47.28 47.29 -0.02 47.48 47.35 0.13
sample std. deviation ——- e 0.09 -— .- 235 — - 1.21 — -— 1.35
Mean Centered First Difference
Total ArH, wi% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTiR A-F
minimum 11.60 12.43 -2.05 5.9512 59703 -0.1400 0.7958 0.7982 -0.0025 42.25 42.25 -0.31
maximum 42 .90 42.97 1.17 7.0744 7.0598 0.2790 0.8668 0.8671 0.0023 43.46 43.36 0.10
average 30.25 30.25 0.01 6.5875 6.5883 -0.0008 0.8416 0.8416 -0.0001 42.71 4272 -0.01
sample std. deviation ——-- 0.45 - ----  0.0502 L 0.0005 -— e 0.06
Kin. viscosity, cSt, at40C Cetane number (D 613) Cetane Index (D 976) Cetane Index (D 4737)

FTIR A-F

ASTM FTIR A-F

ASTM FTIR A-F

ASTM FTIR A-F

summary ASTM
minimum 1.14 0.77 -0.22 40.1 43.2 -11.1 37.01 40.06 -5.50 39.05 40.35 -3.54
maximum 3.92 3.60 0.37 61.3 60.1 55 59.05 58.32 7.35 64.86 62.34 9.12
average 242 2.41 0.01 491 49.3 -0.2 47.28 47.27 0.01 47.48 47.43 0.06
sample std. deviation -en - 0.09 - ---- 2.31 ne— - 1.24 — .- 1.24
Mean Centered Second Difference
Total ArH, wt% Carbon / Hydrogen Density (D 4052) Heat of Comb., MJ/kg

summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum 11.60 12.08 -2.10 59512 59597 -0.1280 0.7958 0.7972 -0.0040 4225 42.27 -0.41
maximum 42.90 42.97 2.60 7.0744 7.0440 0.2637 0.8668 0.8678 0.0026 43.46 43.37 0.11
average 30.25 30.23 0.03 6.5875 6.5871  0.0004 0.8416 0.8416 -0.0001 4271 4272 -0.01

— — 0.52 -— -—  0.0522 -— -—-  0.0008 -—- — 0.07

sample std. deviation

summary

Kin. viscosity, ¢St, at 40C

Cetane number (D 613)

Cetane Index (D 976)

Cetane Index (D 4737)

ASTM FTIR A-F

ASTM FTIR A-F

ASTM FTIR A-F

ASTM FTIR A-F

minimum

maximum

average

sample std. deviation

114 088 024
392 372 035
242 2.42 0.00

0.09

40.1 417 97
61.3 60.3 5.3
491 49.3 -0.2

233
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37.01 391 -561
59.05 58.9 6.97
4728 473 0.01

1.17

3005 3040  -231
64.86 6236  9.85
4748 4740 0.9
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TABLE 9. Effect of Rotation Sample Number on Calibration

Instrument A

A. Mean Centered Spectra

Rotation =5
No. of F @ PRESS (min) E @ p<0.75
Property Samples F SEP(CV) R? F SEP(CV) R?
d-4052 540 20 0.0006 0.9974 19  0.0007 0.9973
kvisc. cSt, 40C 536 20  0.080 0.9652 19  0.080 0.9640
cetane no. (D613) 533 16 1.61 0.7732 12 1.64 0.7641
CCI-976 538 18 0.64  0.9469 14 0.65 0.9448
CCl-4737 538 20 0.62 0.9559 15 0.63 0.9539
CH 539 7 0.0380 0.9548 5 0.0390 0.9532
H, MJ/kg 536 15  0.046 0.9310 8 0047 0.9273
TAH, Wt% 539 20 0.41  0.9958 18 0.41  0.9956
Rotation =50
No. of FE @ PRESS (min) F @ p<0.75
Property Samples F___SEP(CV) R? F SEP(CV) R?
d-4052 544 20 0.0009 0.9955 18 0.0008 0.9952
kvisc. cSt, 40C 534 20  0.103 0.9457 19 0105 0.9439
cetane no. (D613) 535 16 1.79  0.7265 12 1.83  0.7102
CCI-976 537 16 0.66 0.9433 14 0.67  0.9409
CCl-4737 539 19 0.70  0.9473 16 0.71  0.9457
CH 538 6 0.0399 0.9520 5 0.0404 0.9507
H, MJkg 536 8 0049 0.9198 6 0.050 0.9172
TArH, wt% 542 20 0.45  0.9951 17 0.46  0.9948
B. Mean Centered Second Difference Spectra
Rotation =5
No. of F @ PRESS (min) F @ p<0.75
Propetty Samples F____SEP(CV) R? F___SEP(CV) R?
d-4052 544 20  0.0010 0.9941 19  0.0010 0.9938
kvisc. ¢St, 40C 534 15  0.106  0.9409 13 0.109 0.9383
cetane no. (D613) 535 15 1.68  0.7576 1 1.72 0.7426
CCI-976 537 17 0.70  0.9351 13 0.71  0.9337
CCl-4737 539 17 0.69 0.9483 13 0.71  0.9457
CH 538 11 0.0415 0.9482 8 0.0419 0.9470
H, MJ/kg 536 11 0.047  0.9253 9 0048 0.9227
TArH, wt% 542 20 057 0.9919 18 059 0.9914
Rotation =50
No. of F @ PRESS (min) F @ p<0.75
Property Samples E___SEP(CV) R? F SEP(CV) R?
d-4052 544 20 0.0012 0.9917 17 0.0119 0.9913
kvisc. cSt, 40C 534 19  0.119  0.9268 15 0122 0.9230
cetane no. (D613) 535 16 1.79 0.7265 12 1.83  0.7102
CCl-976 537 13 0.73  0.9303 12 0.74  0.9284
CCl-4737 539 14 0.74  0.9404 12 0.75 0.9388
CH 538 10 0.043 0.9443 7  0.044 09417
H, MJ/kg 536 12 0.048 0.9233 9 0049 0.9192
TArH, wi% 542 20 0.64 0.9899 18 0.65 0.9895
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TABLE 12. Calibration Summary: Fuel Set A; Instrument A

No. of F @ PRESS (min) F @ p<0.75
Property Samples F  SEP(CV) R? F SEP(CV) R?

density (D1298) 165 11 0.0011 0.9932 9 0.0011 0.9926
density (D4052) 165 14 0.0007 0.9969 12 0.0008 0.9966
kvisc. cSt, 40°C 165 15 0.099 0.9537 13 0.102 0.9505
flash point, °C 164 10 5.1 0.4484 2 5.2 0.4072
cloud point, °C 162 14 29 0.8759 13 2.9 0.8744 .
pour point, °C 163 12 4.8 0.7722 3 5.0 0.7509
freeze point, °C 162 14 29 0.8802 13 2.9 0.8770
initial bp, °C 163 12 7.0 0.6051 10 7.2 0.5786
bp-10, °C 166 12 56 0.8530 9 59 0.8361
bp-50, °C 164 14 3.2 0.9666 10 33 0.9641
bp-90, °C 164 14 7.0 0.8504 13 7.4 0.8471
bp-95, °C 164 15 10.0 0.7170 10 10.4 0.6854
final bp, °C 162 15 8.8 0.7624 13 9.2 0.7391
cetane number (D613) 165 11 1.56 0.7418 8 1.64 0.7147
cetane index (D976) 164 15 0.76 0.9154 13 0.80 0.9059
cetane index (D4737) 164 15 0.70 0.9306 11 0.73 0.9235
hydrogen, wt% 165 6 0.107 0.8730 3 0.112 0.8601
C/H 163 7 0.048 0.9269 4 0.048 0.9249
heat of comb., MJ/kg 164 14 0.059 0.8499 10 0.061 0.8338
heat of comb., Btu/lb 164 14 25.25 0.8490 11 2575 0.8413
monocyclic ArH, wt% 165 15 0.37 0.9926 14 0.38 0.9921
dicyclic ArH, wt% 165 13 0.22 0.9878 1 0.23 0.9870
polycyclic ArH, wt% 164 7 0.28 0.6217 5 0.29 0.5904
total ArH, wt% 164 13 0.49 0.9927 11 0.50 0.9924
HFRR, mm 166 3 0.07 0.6188 2 0.07 0.5867
Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
F = factors = terms in equation to model property
p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated
R? = squared correlation coefficient
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TABLE 13. Calibration Summary: Fuel Set B; Instrument A

No. of F @ PRESS (min) F @ p<0.75
Property Samples F  SEP(CV) R? F  SEP(CV) R?
density (D1298) 181 14  0.0010 0.9942 11 0.0010 0.9938
density (D4052) 183 16  0.0006 0.9976 14 0.0007 0.9975
kin. visc. cSt, 40°C 179 18 0.09 0.9613 16 0.10 0.9576
cloud point, °C 180 16 32 0.8819 14 32 0.8751
pour point, °C 181 14 5.5 0.7975 11 5.8 0.7766
freeze point, °C 180 - 18 2.7 0.9094 16 2.8 0.9041
initial bp, °C 181 9 7.3 0.6482 7 75 0.6246
bp-10, °C 181 13 4.8 0.9033 10 5.1 0.8932
bp-50, °C 182 16 27 0.9795 13 2.8 0.9779
bp-90, °C 181 16 6.5 0.8976 11 6.7 0.8916
bp-95, °C 180 18 7.8 0.8408 14 8.1 0.8312
final bp, °C 179 18 7.9 0.8219 15 8.3 0.8061
cetane number (D613) 183 10 1.94 0.7661 7 2.01 0.7464
cetane index (D976) 179 17 0.58 0.9578 14 0.61 0.9539
cetane index (D4737) 183 15 0.63 0.9539 12 0.64 0.9519
hydrogen, wt% 183 5 0.065 0.9526 3 0.066 0.9508
C/H 182 7 0.031 0.9655 4 0.033 0.9626
heat of comb., MJ/kg 184 12 0.051 0.9126 6 0.053 0.9051
heat of comb., Btu/lb 184 12 21.8 0.9127 6 224 0.9072
monocyclic ArH, wt% 186 20 0.413 0.9928 18 0.427 0.9923 -
dicyclic ArH, wt% 184 18 0.243 0.9863 13 0.250 0.9855
polycyclic ArH, wt% 182 20 0.113 0.9285 17 0.119 0.9208
total ArH, wt% 183 16 0.408 0.9959 14 0.427 0.9955
HFRR, mm 181 16 0.048 0.6762 12 0.050 0.6472

Notes:

No. of Samples*: excluded outliers identified in preliminary calibrations using 547 samples
F = factors = terms in equation to model property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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TABLE 14. Calibration Summary: Fuel Set C; Instrument A

No. of _F @ PRESS (min) F @ p<0.75
Property Samples F SEP(CV) R? F SEP(CV) R?

density (D1298) 193 20  0.0008 0.9957 17 0.0008 0.9955
density (D4052) 193 17  0.0008 0.9952 15 0.0008 0.9948
kin. visc. cSt, 40°C 190 13 0.09 0.9395 10 0.09 0.9364
cloud point, °C 191 13 3.4 0.6786 9 36 0.6486
pour point, °C 191 - 12 4.2 0.6992 9 4.4 0.6680
freeze point, °C 191 15 3.2 0.7456 9 3.4 0.7184
initial bp, °C 187 13 7.0 0.5388 10 7.2 0.5033
bp-10, °C 191 13 55 0.8108 7 5.7 0.7903
bp-50, °C 190 17 2.8 0.9576 14 2.9 0.9546
bp-90, °C 186 19 4.7 0.6475 18 4.8 0.6393
bp-85, °C 190 16 8.4 0.6054 9 8.8 0.5545
final bp, °C 190 11 9.7 0.4853 6 10.1 0.4332 °
cetane number (D613) 188 11 1.49 0.7500 8 1.56 0.7246
cetane index (D976) 190 17 0.57 0.9578 13 0.60 0.9547
cetane index (D4737) 190 13 0.62 0.9611 10 0.64 0.9594
carbon, wt% 188 5 0.184 0.7685 3 0.190 0.7546
hydrogen, wt% 191 6 0.065 0.9599 5 0.066 0.9593
C/H 193 8 0.035 0.9685 5 0.035 0.9677
heat of comb., MJ/kg 190 8 0.039 0.9561 6 0.040 0.9533
heat of comb., Btu/lb 189 8 16.38 0.9577 6 16.99 0.9545
monocylic ArH, wt% 192 20 0.489 0.9891 16 0.503 0.9885
dicyclic ArH, wit% 192 16 0.284 0.9863 11 0.294 0.9852
polycyclic ArH, wt% 191 12 0.206 0.8354 9 0.214 0.8225
total ArH, wt% 190 16 0.430 0.9954 12 0.451 0.9950
sulfur, wt% 188 5 0.008 0.2767 1 0.008 0.1968
HFRR, mm 185 20 0.093 0.4137 4 0.098 0.2887
Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
F = factors = terms in equation to model property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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TABLE 15. Calibration Summary: Fuel Set A; Instrument B

No. of F @ PRESS (min) F @ p<0.75
Property Samples F  SEP(CV) R? F  SEP(CV) R?
density (D1298) 165 15  0.0007 0.9966 14 0.0008 0.9964
density (D4052) 167 20 0.0006 0.9978 16 0.0006 0.9976
kin. visc. cSt, 40°C 166 20 0.088 0.9637 14 0.092 0.9600
cloud point, °C 164 14 32 0.8766 13 3.3 0.8681
pour point, °C 165 6 5.0 0.7772 4 5.1 0.7687
freeze point, °C 164 - 14 3.1 0.8874 14 3.1 0.8874
initial bp, °C 162 14 5.9 0.7290 11 6.2 0.6995
bp-10, °C 167 14 55 0.8634 10 5.7 0.8500
bp-50, °C 165 18 3.0 0.9720 13 3.1 0.9694
bp-90, °C 163 20 5.1 0.9098 18 53 0.9053
bp-95, °C 164 19 7.1 0.8619 17 7.5 0.8464
final bp, °C 164 19 7.7 0.8272 14 7.8 0.8188
cetane number (D613) 165 12 1.48 0.7699 9 1.53 0.7522
cetane index (D976) 164 19 0.64 0.9405 16 0.67 0.9342
cetane index (D4737) 164 16 0.62 0.9454 14 0.64 0.9419
carbon, wt% 159 6 0.28 0.6107 3 0.29 0.5673
hydrogen, wt% 166 4 0.102 0.8834 3 0.102 0.8811
CH 164 4 0.044 0.9380 3 0.044 0.9365
heat of comb., MJ/kg 164 11 0.054 0.8714 3 0.057 0.8574
heat of comb, Btu/lb 165 13 25.09 0.8505 8 26.36 0.8332
monocyclic ArH, wt% 167 20 0.277 0.9955 19 0.288 0.9952
dicyclic ArH, wt% 167 19 0.184 0.9914 13 0.193 0.9905
polycyclic ArH, wt% 164 12 0.271 0.6547 5 0.282 0.6226
total ArH, wt% 163 15 0.410 0.9948 13 0.423 0.9944
HFRR, mm 163 13 0.061 0.7062 11 0.064 0.6758

Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
F = factors = terms in equation to mode! property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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TABLE 16. Calibration Summary: Fuel Set B; instrument B

No. of F @ PRESS (min) F @ p<0.75
Property Samples F  SEP(CV) R? F  SEP(CV) R*

density (D1298) 182 13 0.0008 0.9959 10 0.0008 0.9956
density (D4052) 183 14  0.0005 0.9986 12 0.0005 0.9985
kin. visc. cSt, 40°C 180 20 0.066 0.9816 19 0.067 0.9807
cloud point, °C 182 18 2.8 0.9010 17 2.8 0.8957
pour point, °C 183 12 58 0.7709 6 6.1 0.7474
freeze point, °C 179 18 26 0.9051 17 27 0.9015
initial bp, °C 183 8 7.5 0.6472 7 76 0.6362
bp-10, °C 181 12 5.0 0.8963 10 5.2 0.8875
bp-50, °C 181 17 22 0.9853 15 23 0.9847
bp-90, °C 181 17 54 0.9133 16 56 0.9078
bp-95, °C 180 17 74 0.8552 13 7.7 0.8432
final bp, °C 179 19 71 0.8390 15 7.4 0.8210
cetane number (D613) 181 10 1.86 0.7850 8 1.91 0.7695
cetane index (D976) 180 18 0.53 0.9613 15 0.55 0.9582
cetane index (D4737) 182 15 0.57 0.9660 12 0.59 0.9632
hydrogen, wt% 184 5 0.066 0.9498 4 0.066 0.9496
carbon, wt% 182 2 0.163 0.7413 2 0.163 0.7413
CH 183 7 0.032 0.9637 4 0.032 0.9632
heat of comb., MJ/kg 185 6 0.052 0.9057 5 0.055 0.8970
heat of comb., Btu/lb 184 8 21.80 0.9116 5 22.86 0.9028
monocyclic ArH, wt% 181 20 0.295 0.9961 20 0.295 0.9961 °
dicyclic ArH, wt% 182 20 0.212 0.9896 18 0.219 0.9889
polycyclic ArH, wt% 181 20 0.105 0.9389 18 0.109 0.9342
total ArH, wt% 181 19 0.411 0.9958 15 0.427 0.9954
HFRR, mm 181 16 0.044 0.7206 12 0.046 0.6906
Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples

F = factors = terms in equation to model property
P = F-statistic probability

SEP(CV) = standard error of prediction, cross validated
R? = squared correlation coefficient
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TABLE 17. Calibration Summary: Fuel Set C; Instrument B

No. of F @ PRESS (min) F @ p<0.75
Property Samples F  SEP(CV) R* F  SEP(CV) R®
density (D1298) 192 18  0.0007 0.9971 15 0.0007 0.9968
density (D4052) 192 18  0.0006 0.9975 16 0.0006 0.9974
kin. visc. cSt, 40°C 186 20 0.059 0.9730 16 0.061 0.9704
flash point, °C 192 9 5.1 0.4706 7 5.2 0.4463
cloud point, °C 190 19 2.8 0.8174 16 29 0.8072
pour point, °C 189 20 4.0 0.7680 12 4.2 0.7496
freeze point, °C 188 18 28 0.8175 16 2.8 0.8083
initial bp, °C 188 14 6.7 0.5829 10 6.9 0.5525
bp-10, °C 192 20 46 0.8720 18 4.8 0.8599
bp-60, °C 191 19 26 0.9621 15 27 0.9600
bp-90, °C 189 18 6.1 0.7782 16 6.3 0.7622
bp-95, °C 190 19 76 0.7288 16 7.9 0.7065
final bp, °C 190 19 8.3 0.6987 16 8.7 0.6687
cetane number (D613) 188 12 1.52 0.7489 8 1.57 0.7262
cetane index (D976) 192 13 0.58 0.9577 12 0.59 0.9554
cetane index (D4737) 190 14 0.62 0.9564 12 0.65 0.9531
hydrogen, wt% 189 9 0.059 0.9677 7 0.060 0.9655
carbon, wt% 189 6 0.174 0.7925 3 0.179 0.7804
CH 192 9 0.032 0.9724 6 0.033 0.9710
heat of comb., MJ/kg 188 9 0.037 0.9607 6 0.038 0.9581
heat of comb., Btu/lb 188 10 16.01 0.9598 6 16.53 0.9572
monocyclic ArH, wt% 191 20 0.416 0.9923 19 0.428 0.9917
dicyclic ArH, wt% 192 18 0.278 0.9872 13 0.282 0.9868
polycyclic ArH, wt% 192 15 0.195 0.8549 10 0.204 0.8408
total ArH, wt% 190 14 0.434 0.9953 11 0.448 0.9950
S, wt% 191 18 0.008 0.3730 11 0.009 0.3233
HFRR, mm 188 17 0.087 0.5040 15 0.090 0.4678

Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
F = factors = terms in equation to model property

P = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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TABLE 24. Calibration Summary: Fuel Set D; Instrument A

No. of F @ PRESS (min) F @ p<0.75
Property Samples F SEP(CV) R? F  SEP(CV) R2
API gravity (D1298) 538 20 0.19 0.9945 18 0.19 0.9943
density (D1298) 537 20  0.0009 0.9953 19 0.0009 0.9952
API gravity (D4052) 539 20 0.156 0.9964 19 0.15 0.9962
density (D4052) 540 20  0.0006 0.9974 19 0.0007 0.9973
kin. visc. ¢St, 40°C 536 20 0.08 0.9652 19 0.08 0.9640
flash point, °C 534 11 4.7 0.5368 9 4.8 0.5203
cloud point, °C 533 19 3.1 0.8466 16 3.1 0.8430
cloud point, °C (1) 515 16 21 0.7263 13 2.2 0.7110
cloud point, °C (2) 505 14 1.9  0.7685 12 20 07542
freeze point, °C 530 18 3.0 0.8524 14 31 0.8447
freeze point, °C (1) 513 15 2.1 0.7334 13 22 0.7223
freeze point, °C (2) 503 13 1.9 0.7709 13 1.9 0.7599
pour point, °C 534 16 46 0.8173 12 47 0.8083
pour point, °C (1) 512 15 44 0.6422 10 45 0.6179
pour point, °C (2) 504 16 4.0 0.6577 10 42 0.6362
initial bp, °C 527 12 6.7 0.6282 10 6.7 0.6165
bp-10, °C 537 18 5.3 0.8627 13 5.4 0.8567
bp-50, °C 537 20 26 0.9747 17 2.7 0.9735
bp-90, °C 536 20 6.2 0.8648 17 6.3 0.8606
bp-95, °C 535 19 7.9 0.8028 16 8.1 0.7932
final bp, °C 535 20 8.3 0.7708 17 8.3 0.7652
cetane number (D613) 533 16 1.61 0.7732 12 1.64 0.7641
cetane index (D976) 538 18 0.64 0.9469 14 0.65 0.9448
cetane index (D4737) 538 20 0.62 0.9559 15 0.63 0.9539
hydrogen, wt% 535 6 0.076 0.9383 5 0.077 0.9372
carbon, wt% 534 7 0.233 0.6303 3 0.239 0.6100
CH 539 7 0.038 0.9548 5 0.039 '0.9532
heat of comb., MJ/kg 536 15 0.046 0.9310 8 0.047 0.9273
heat of comb., Btu/lb 536 16 19.88 0.9290 7 20.45 0.9247
monocyclic ArH, wt% 542 20 0.353 0.9942 18 0.362 0.9939
dicyclic ArH, wt% 535 18 0.233 0.9887 14 0.240 0.9880
polycyclic ArH, wt% 533 18 0.199 0.8389 13 0.203 0.8321
total ArH, wt% 539 20 0.407 0.9958 18 0.414 0.9956
S, wt% 533 20 0.013 0.3004 5 0.014 0.2095
HFRR, mm 528 20 0.072 0.4743 13 0.074 0.4420

Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
property (1): excluded jet fuel samples from calibrations under property name
property (2): excluded outliers identified under calibrations in property(1)

ArH = acoustic hydrocarbons

F = factors = terms in equation to model property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated
R? = squared correlation coefficient
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TABLE 25. Calibration Summary: Fuel Set D; Instrument B

No. of F @ PRESS (min) F @ p<0.75
Property Samples F SEP(CV) R* F  SEP(CV) R*
API gravity (D1298) 535 20 0.16 0.9959 18 0.16 0.9957
density (D1298) 538 18  0.0008 0.9963 18 0.0008 0.9963
API gravity (D4052) 536 20 0.12 0.9977 20 0.12 0.9977
density (D4052) 534 20  0.0005 0.9985 19 0.0005 0.9984
kin. visc. cSt, 40°C 529 20 0.066 0.9782 19 0.067 0.9773
flash point, °C 532 20 4.3 0.6078 17 44 0.5886
cloud point, °C 532 - 20 2.8 0.8693 17 2.8 0.8612
cloud point, °C (1) 516 20 1.9 0.7810 16 2.0 0.7690
cloud point, °C (2) 507 19 1.7 0.8187 16 1.7 0.8092
freeze pt, °C 535 20 3.0 0.8724 16 3.1 0.8659
freeze pt, °C (1) 515 20 2.0 0.7678 14 2.1 0.7518
freeze pt, °C (2) 504 20 1.7 0.8081 15 1.8 0.7960
pour pt, °C 533 20 44 0.8216 14 4.5 0.8116
pour pt, °C (1) 513 20 40 06883 14 4.1 0.6692
pour pt, °C (2) 505 20 3.7 0.7263 17 3.8 0.7143
initial bp, °C 531 19 6.3 0.6760 14 6.5 0.6555
bp-10, °C 534 20 4.7 0.8896 15 4.8 0.8852
bp-50, °C 535 20 24 0.9794 16 25 0.9782
bp-90, °C 536 20 5.8 0.8710 18 5.9 0.8661
bp-95, °C 535 20 7.5 0.8093 18 7.7 0.7989
final bp, °C 534 20 7.9 0.7767 16 8.1 0.7639
cetane number (D613) 533 18 1.54 0.7920 12 1.58 0.7811
cetane index (D976) 536 20 0.62 0.9498 14 0.64 0.9469
cetane index (D4737) 538 20 0.60 0.9579 14 0.62 0.9556
hydrogen, wt% 536 9 0.075 0.9404 5 0.077 0.9376
carbon, wt% 534 5 0.223 0.6637 2 0.228 0.6495
C/H 537 9 0.036 0.9603 5 0.037 0.9581
heat of comb., MJ/kg 538 15 0.046 0.9288 7 0.047 0.9248
heat of comb., Btu/lb 538 17 19.85 0.9286 7 20.35 0.9249
monocyclic ArH, wt% 543 20 0.336 0.9947 20 0.336 0.9947
dicyclic ArH, wt% 536 20 0.243 0.9878 18 0.249 0.9872
polycyclic ArH, wt% 536 20 0.201 0.8378 14 0.206 0.8302
ArH, wt% 536 20 0.377 0.9963 18 0.387 0.9961
S, wt% 536 20 0.012 0.4258 15 0.012 0.3822
HFRR, mm 533 19 0.075 0.4862 14 0.077 0.4518

Notes:

No. of Samples* : excluded outliers identified in preliminary calibrations using 547 samples
property (1): excluded jet fuel samples from calibrations under property name

property (2): excluded outliers identified under calibrations in property(1)

ArH = acoustic hydrocarbons

F = factors = terms in equation to model property

p = F-statistic probability

SEP(CV) = standard error of prediction, cross validated

R? = squared correlation coefficient
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TABLE 28. Validation Summary of Calibrations for Cold Temperature Propetrties
Fuel Set D, Instrument B

cloud point, C cloud point, C (1) cloud point, C (2)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum -60.4 -56.9 -20.4 -28.9 -24.5 147 -28.9 -24.5 -14.3
maximum 2.1 8.7 13.5 2.1 2.9 5.3 2.1 25 6.3
average -17.3 -16.9 -0.4 -14.4 -14.2 -0.2 -14.4 -14.2 -0.2
sample std. dev. 45 3.0 29
SEP 45 3.0 2.9
freeze point, C freeze point, C (1) freeze point, C (2)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum -58.7 -55.6 -18.0 -24.8 -25.2 -8.3 -24.8 -22.4 -10.0
maximum 5.3 11.5 211 5.3 59 6.1 5.3 6.9 6.0
average -13.8 -13.6 -0.1 -10.8 -10.8 -0.1 -10.8 -10.7 -0.2
sample std. dev. 4.5 2.5 2.7
SEP 4.5 25 2.7
pour point, C ~_pour point, C (1) ~pour point, C (2)
summary ASTM FTIR A-F ASTM FTIR A-F ASTM FTIR A-F
minimum -75.0 -76.3 -17.9 -48.0 -48.7 -12.9 -48.0 -52.6 -12.1
maximum -3.0 -1.7 1.8 -3.0 -3.5 9.2 -3.0 1.2 7.3
average -30.2 -29.9 -0.3 -27.1 -26.8 -0.4 -27.4 -26.9 -03
sample std. dev. e 5.1 .- 4.5 eee ---- 43
SEP 5.1 4.5 4.3

Notes:

property: excluded only outliers identified in preliminary calibrations
property (1): excluded turbine fuels from "property” set
property (2): excluded outliers from "property (1) set

ASTM = ASTM values
FTIR = FTIR values

A -F = ASTM - FTIR = residual error
sample std. dev. = sample standard deviation
SEP = standad error of prediction
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TABLE 29. Errors in Calculation of Fuel Properties from FT-IR Spectra;
Fuel Set D, Instrument B

Residual Outside®
Property error, 20 LoA, 20 LoA 20
API gravity (D1298) 0.40 0.30 6
API gravity (D4052) 0.34 0.24 6
density (D1298) 0.0018 0.0015 5
density (D4052) 0.0012 0.0010 8
kin. viscosity, ¢St, 40°C 0.18 0.16 9
flash point, °C 12.0 11.7 6
cloud point, °C 9.0 8.0 11
freeze point, °C 9.0 7.7 9
pour point, °C 10.2 9.9 10
initial bp, °C 19.6 19.6 4
bp-10, °C 12.8 12.7 5
bp-50, °C 9.3 9.3 5
bp-90, °C 16.0 16.0 7
bp-95, °C 19.6 19.6 7
final bp, °C 21.2 21.2 4
cetane number (D613) 4.7 47 3
cetane index (D976) 2.42 2.43 3
cetane index (D4737) 2.70 2.70 5
hydrogen, wt% 0.20 0.20 4
carbon, wt% 0.52 0.51 4
carbon-to-hydrogen ratio 0.099 0.099 4
net heat of comb., MJ/kg 0.12 0.126 5
net heat of comb., Btu/lb 53.8 53.8 5
monocyclic ArH, wt% 0.84 0.83 2
dicyclic ArH, wt% 0.92 0.92 3
polycyclic ArH, wt% 0.56 0.56 7
total ArH, wt% 1.00 1.00 3

validation set comprises 137 samples

residual error = ASTM - FTIR values

LoA = limits of agreement

20 = 2 standard deviations

a = number of samples outside the 20 limits of agreement
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TABLE 30. Comparison of calibrations by near-IR and FT-IR
Fuel Set D; F @ p<0.75

FT-IR (Instrument B) *

property samples *** F SEP (CV) R?
density (D4052) 534 19 0.0005 0.9984
kinematic viscosity, cSt, 40C 529 19 0.067 0.9773
cetane no. (D613) 533 12 1.58 0.7811
calc'd cetane index (D976) ’ 536 14 0.64 0.9469
calc’d cetane index (D4737) 538 14 0.62 0.9556
C/H 537 5 0.037 0.9581
heat of comb., net, MJ/kg 538 7 0.047 0.9248
total aromatics, wit% 536 18 0.387 0.9961

near-IR (Unit 7) **

samples *** F SEP (CV) R?
density (D4052) 537 12 0.0015 0.9865
kin. viscosity, ¢St, 40C 536 11 0.137 0.9048
cetane no. (D613) 535 5 2.03 0.6353
calc'd cetane index (D976) 537 10 0.80 0.9147
calc'd cetane index (D4737) 539 10 0.80 0.9271
C/H 539 7 0.040 0.9516
heat of comb., net, MJ/kg 539 6 0.051 0.9127
total aromatics, wt% 538 11 0.700 0.9873

Notes:

* FT-IR spectra preprocessed by mean centering

** near-IR spectra preprocessed by taking mean centered first difference

Samples*** : No.of calibration samples (excluded outliers from preliminary calibration set)
F = factors = terms in equation to model property

SEP(CV) = cross validated standard error of prediction

R72 = squared correlation coefficient
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TABLE 31. Validation Summary of FT-IR Calibration Models
Fuel Set D; Instrument B
heat of comb., MJ/kg cetane number (D 613)

summary ASTM FTIR A-F ASTM FTIR A-F
minimum 42.25 42.25 -0.31 401 41.6 -13.54
maximum 43.46 43.35 0.11 61.3 62.5 550
average 42.71 42.72 -0.01 49.1 49.3 -0.28
sample st. deviation 0.06 e - 235
SEP —me 0.06 - ~——- 2.35

density (D 4052). kin. viscosity, ¢cSt, at 40C
summary ASTM FTIR A-F ASTM FTIR A-F
minimum 0.7958 0.7992 -0.0034 1.14 0.78 -0.19
maximum 0.8668 0.8670 0.0013 3.92 3.66 0.36
average 0.8416 0.8416 -0.0001 242 241 0.01
sample st. deviation 0.0006 0.09
SEP 0.0006 - - 0.09

cetane index (D 976) cetane index (D 4737)

summary ASTM FTIR A-F ASTM FTIR A-F
minimum 37.01 38.32 -5.97 39.05 38.62 -3.11
maximum 59.05 58.88 7.71 64.86 60.56 10.04
average 47.28 47.29 -0.02 47 .48 47.35 0.13
sample st. deviation 1.21 e - 1.35
SEP - 1.21 e e 1.35

carbon / hydrogen total aromatics, wt%
summary ASTM FTIR A-F ASTM FTIR A-F
minimum 59512 5.9966 -0.1299 11.60 12.11 -2.94
maximum 7.0744 7.0670 0.2684 4290 42.79 1.09
average 6.5875 6.5905 -0.0030 30.25 30.28 -0.03
sample st. deviation 0.0495 0.50
SEP 0.0494 - 0.50

Notes:

ASTM = ASTM values

FTIR = calculated FTIR values
NIR = calculated near-IR values
A-F = ASTM - FTIR = residual error

sample st. dev. = sample standard deviation
SEP = standad error of prediction
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TABLE 32. Validation Summary of Near-IR Calibration Models
Fuel Set D; Near-IR Unit No. 7
heat of comb., MJ/kg cetane number (D 613)
summary ASTM NIR A-NIR ASTM NIR A - NiR
minimum 42.25 42.27 -0.28 40.1 427 -17.18
maximum 43.46 43.38 0.12 61.3 66.2 5.58
average 42.71 42.72 -0.01 491 49.4 -0.36
sample st. dev. - - 0.06 — o 2.76
SEP 0.06 277
density (D 4052) kin. viscosity, cSt, at40C
summary ASTM NIR A - NIR ASTM NIR A - NIR
minimum 0.7958 0.7983 -0.0051 1.14 0.55 -0.32
maximum 0.8668 0.8699 0.0036 3.92 3.64 0.68
average 0.8416 0.8420 -0.0004 242 2.44 -0.01
sample st. dev. 0.0016 - - 0.16
SEP 0.0016 - 0.16
cetane index (D 976) cetane index (D 4737)
summary ASTM NIR A - NIR ASTM NIR A - NIR
minimum 37.01 3717 -783 39.05 37.10 -4.72
maximum 59.05 62.82 8.01 64.86 64.18 10.28
average 47.28 47.33 -0.05 47.48 47.40 0.08
sample st. dev. s 1.42 S - 1.42
SEP 1.41 1.41
. carbon / hydrogen total aromatics, wt%
summary ASTM NIR A - NIR ASTM NIR A - NIR
minimum 59512 5.9656 -0.1233 11.60 11.66 -2.34
maximum 7.0744 7.0463 0.2665 42.90 4424 1.73
average 6.5875 6.5883 -0.0009 30.25 30.33 -0.08
sample st. dev. 0.0535 ---- - 0.80
SEP 0.0533 0.80
Notes:

ASTM = ASTM values

FTIR = calculated FTIR values

NIR = calculated near-iR values

A - NIR = ASTM - NIR = residual error, NIR

sample st. dev. = sample standard deviation
SEP = standad error of prediction
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TABLE 33. Percent Variance Captured by PLS

Model for Density (D4052)

X-Block Y-Block
# factors This factor Total This factor Total
1 37.43 37.43 41.19 41.19
2 35.42 72.85 20.48 61.67
3 10.76 83.61 10.02 71.69
4 8.27 91.88 3.25 74.94
5 3.59 95.47 6.49 81.42
6 2.04 97.51 7.32 88.74
7 0.21 97.72 2.58 91.32
8 0.48 98.2 0.68 92.01
9 0.26 98.46 0.89 92.89
10 0.13 98.6 0.73 93.63
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TABLE 36. Summary Statistics of the Validation Set
for Instruments A and B

property

density (D4052)
cetane number (D613)
total ArH, wt%

kin. visc., ¢St, 40 C
C/H

cetane index (D976)
cetane index (D4737)
heat of comb., MJ/kg
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Validation Set

min max
0.7958 0.8668

40.1 61.3

11.6 42.9

1.14 3.92
5.9512 7.0744

37.0 59.1

39.1 64.9
4225 43.46
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Property

AP gravity (D1298)
density (D1298)
API gravity (D4052)
density {D4052)
kin. visc. ¢St, 40°C
flash point, °C
cloud point, °C
cloud point, °C (1)
cloud point, °C (2)
freeze pt, °C
freeze pt, °C (1)
freeze pt, °C (2)
pour pt, °C

pour pt, °C (1)
pour pt, °C (2)
initial bp, °C
bp-10, °C

bp-50, °C

bp-90, °C

bp-95, °C

final bp, °C

cetane number (D613)

cetane index (D976)

cetane index (D4737)

hydrogen, wt%
carbon, wt%
CH

heat of comb., MJ/kg
heat of comb., Btu/Ib
monocyclic ArH, wt%

dicyclic ArH, wt%
polycyclic ArH, wt%
total ArH, wt%

TABLE 41. Calibration and Validation Summary
(Fuel Set D; Instrument B)

Calibration Validation
F @ PRESS (min) F@ p<0.75 SEP at
F  SEP(CV) R? F SEP(CV) R? F @ p<0.75

20 0.16  0.9959 18 0.16  0.9957 0.21
18  0.0008  0.9963 18 0.0008  0.9963 0.0009
20 0.12  0.9977 20 0.12  0.9977 0.18
20  0.0005 0.9985 19 0.0005 0.9984 0.0006
20 0.066  0.9782 19 0.067 0.9773 0.09
20 43 0.6078 17 44  0.5886 6.0
20 28 0.8693 17 28 0.8612 45
20 19 0.7810 16 20 0.7690 7.1
19 1.7 0.8187 16 1.7  0.8092 7.3
20 3.0 0.8724 16 31 0.8659 45
20 20 0.7678 14 21  0.7518 6.8
20 1.7  0.8081 15 1.8  0.7960 7.2
20 44 0.8216 14 45 08116 51
20 40 0.6883 14 41  0.6692 6.7
20 3.7 0.7263 17 38 0.7143 71
19 6.3 0.6760 14 6.5 0.6555 9.8
20 47 0.8896 15 48 0.8852 6.4
20 24 0.9794 16 25 09782 4.7
20 58 0.8710 18 59  0.8661 8.0
20 7.5 0.8093 18 7.7  0.7989 9.8
20 79 07767 16 81 0.7639 10.6
18 1.54  0.7920 12 1.58  0.7811 2.4
20 0.62  0.9498 14 0.64 0.9469 1.21
20 0.60 0.9579 14 0.62 0.9556 1.35
9 0.075 0.9404 5 0.077  0.9376 0.10
5 0.223  0.6637 2 0.228  0.6495 0.26
9 0.036  0.9603 5 0.037  0.9581 0..0494
15 0.046  0.9288 7 0.047 0.9248 0.06
17 19.85 0.9286 7 20.35 0.9249 27
20 0.336  0.9947 20 0.336  0.9947 0.42
20 0.243 0.9878 18 0.249  0.9872 0.046
20 0201 0.8378 14 0.206  0.8302 0.28
20 0.377 0.9963 18 0.387  0.9961 0.50

No. of Samples: excluded outliers identified in preliminary calibrations using 547 samples
property (1): excluded jet fuel samples from calibrations under property name
property (2): excluded outliers identified under calibrations in property(1)
ArH: aromatic hydrocarbons
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Figure 4. Calibration for Density;: ASTM D 4052 vs FT-IR
Fuel Set D, Instrument A
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Figure 7. Calibration for Cloud Point: ASTM D 2500 vs FT-IR
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Figure 11. Calibration for Boiling Point at 10%: ASTM D 86 vs FT-IR
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Figure 13. Calibration for Boiling Point at 90%: ASTM D 86 vs FT-IR
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Figure 14. Calibration for Boiling Point at 95%: ASTM D 86 vs FT-IR
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Figure 17. Calibration for Calculated Cetane Index: ASTM D 976 vs FT-I
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Figure 18. Calibration for Calculated Cetane Index: ASTM D 4737 vs FT-IR
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Figure 20. Calibration for Carbon Content: ASTM D 5291 vs FT-IR
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Figure 21. Calibration for Carbon to Hydrogen Ratio: ASTM D 5291 vs FT-IR
Fuel Set D, Instrument A
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Figure 22. Calibration for Net Heat of Combustion, MJ/kg: ASTM D 240 vs FT-IR
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Figure 23. Calibration for Net Heat of Combustion, Btu/lb: ASTM D 240 vs FT-IR
Fuel Set D, Instrument A
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Figure 24. Calibration for Monocyclic Aromatics; ASTM D 5186 vs FT-IR
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Figure 25. Calibration for Dicycli ics: ASTM D 5186 vs FT-IR
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Figure 26. Calibration for Polycyclic Aromatics: ASTM D 5186 vs FT-IR
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Figure 28. Calibration for Sulfur Content: ASTM D 4294 vs FT-IR
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Figure 29. Calibration for Lubricity by HFRR: ISO/CD 12156 vs FT-IR
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Figure 30. Calibration for Cloud Point for Diesel Fuels: ASTM D 2500 vs FT-IR
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Figure 31. Calibration for Freez iese] Fuels: ASTM D 2386 vs FT-IR
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Figure 32. Calibration for Pour Point for Diesel Fuels: ASTM D 97 vs FT-IR
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Figure 33. Calibration for API Gravity: ASTM D 1298 vs FT-IR
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Figure 34. Calibration for API Gravity: ASTM D 4052 vs FT-IR
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Figure 35. Calibration for Density: A D 1298 vs FT-I
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Figure 36. TM D 4052 vs FT-IR
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Figure 37. Calibration for Kinematic Viscocity, ¢St, at 40°C: ASTM D 445 vs FT-IR
Fuel Set D, Instrument B
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Figure 38. Calibration for Flash Point: ASTM D 93 vs FT-IR
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Figure 40. Calibration for Freeze Point: ASTM D 2386 vs FT-IR
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Figure 42. Calibration for Initial Boiling Point: ASTM D 86 vs FT-IR
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Figure 43. Calibration for Boiling Point at 10%:
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Figure 44. Calibration for Boiling Point at 509
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Figure 45. Calibration for Boiling Point at 90%: ASTM D 86 vs FT-IR
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Figure 46. Calibration for Beiling Point at 95%: ASTM D 86 vs FT-IR
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Figure 47. Calibration for Final Boiling Point: ASTM D 86 vs FT-IR
Fuel Set D, Instrument B
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Figure 48. Calibration for Cetane Number: ASTM D 613 vs FT-IR
Fuel Set D, Instrument B
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Figure 49. Calibration for ne Index: ASTM D 976 vs FT-IR
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Figure 50. Calibration for Calculated Cetane Index: ASTM D 4737 vs FT-IR

Fuel Set D, Instrument B
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Figure 51. Calibration fi d ntent: ASTM D 5291 vs FT-IR
uel Instrument B
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Figure 52. Calibration for Carbon Content: ASTM D 5291 vs FT-IR
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Figure 53. Calibration for Carbon to Hydrogen Ratio: ASTM D 5291 vs FT-IR
Fuel Set D, Instrument B
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Figure 54. Calibration for Net Heat of Combustion, MJ/kg: ASTM D 240 vs FT-IR
Fuel Set D, Instrument B
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Figure 55. Calibration for Net Heat of Combustion, Btu/lb; ASTM D 240 vs FT-IR
uel Set nstrument B
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Figure 56. Calibration for Mon lic Aromatics: ASTM D 5186 vs FT-I
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FTIR: 2-ArH, wt%
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Figure 57. Calibration for Dicyclic Aromatics: ASTM D 5186 vs FT-IR
Fuel D, Instr
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Figure 58. Calibration for Polycyclic Aromatics: ASTM D 5186 vs FT-IR
Fuel Set D. Instrument B
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Figure 59. Calibration for Total Aromatics: ASTM D 5186 vs FT-IR
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Figure 60. Calibration for Sulfur Content; ASTM D 4294 vs FT-IR
uel Set D, Instrument B
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Figure 61. Calibration for L, : ISO/CD12156 vs FT-IR
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Figure 62. Calibration for Cloud Point for Diesel Fuels: ASTM D 2500 vs FT-IR

Fuel Set D, Instrument B
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Figure 63. Calibration for Freeze Point for Di Is: ASTM D 2386 vs FT-IR
Fuel Set D, Instrument B
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Figure 64. Calibration for Pour Point for Diesel Fuels: ASTM D 97 vs FT-IR

Fuel Set D, Instrument B
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Figure 65. Residual Error in API Gravity Validation; ASTM D 129
Fuel Set D, Instrument B
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Figure 66. Residual Error in API Gravity Validation: ASTM D 4052
Fuel Set D, Instrument B
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Figure 67. Residual Error in Density Validation: ASTM D 1298
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Figure 68. Residual Error in Density Validation: ASTM D 4052
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Figure 69. Residual Error in Kinematic Viscosity Validation, c¢St, °C: ASTM D 445

Fuel Set D, Instrument B
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Figure 70. Residual Error in Flash Point Validation: ASTM D 93
uel Set D, Instrument B
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Figure 71. Residual Error in Cloud Peint Validation: ASTM D 2
Fuel Set D, Instrument B
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Figure 72. Residual Error in Freeze Point Validation: ASTM D 2386
Fuel Set D, Instrument B
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Figure 73. Residual Error in Pour Point Validation: ASTM D 97
Fuel Set D, Instrument B
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Figure 74. Residual Error in Initial Boiling Point Validation;: ASTM D 86

Fuel Set D, Ins en
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Figure 75. idual Error i ilin int at 10% Validation: ASTM D 86
Fuel D, Instrument
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Figure 76. Residual Error in Boiling Point at 50% Validation: ASTM D 86

1 Instrument B
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Figure 77. Residual Error in Boiling Point at 90% Validation: ASTM D 86
Fuel Set D, Instrument B
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Figure 78. Residual Error in Boiling Point at 95% Validation: ASTM D 86

Fuel D, Instrument B
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Figure 79. Residual Error in Final Boili int Validation: ASTM D 86
Fuel nstrument B
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Figure 80. Residual Error in Cetane Number Validation: ASTM D 613

1 D, Instrument B
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Figure 81. Residual Error in Calculated Cetane Index Validation: ASTM D 976
Fuel Set D, Instrument B
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Figure 82. Residual Error in Calculated Cetane Index Validation: ASTM D 4737
Fuel Set D, Instrument B
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Figure 83. Residual Error in Hydrogen Content Validation: ASTM D 5291

uel Set D, Instrumen
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Figure 84. Residual Error in Car ontent Validation: ASTM D 529
Fu D, Instrument
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Figure 85. Residual Error in Carbon-to-Hydrogen Ratio Validation: A TM D 5291
Fuel Set D, Instrument B
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Figure 86. Residual Error in fCo tion, M Validation: ASTM D 240
Fuel Set D, Instrument B
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Figure 87. Residual Error i f ion, B lidation: ASTM D 24
Fuel Instrument B
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Figure 88. Residual Error in Monocyclic Aromatics Validation: ASTM D 5186
Fuel Set D, Instrument B '
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Figure 89. Residual Error in Dicycli matics Validation: ASTM D 5186
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Figure 90. Residual Error in Polycyclic Aromatics Validation: ASTM D 5186

Fuel D, Instrument B
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Figure 91. Residual Error i tal Aromatics Validation: ASTM D 51
Fuel Set D, Instrument B
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Figure 92. Residual Error in Lubricity by HFRR Validation: ISO/CD12156
Fuel Set D men
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Figure 93. Residual Error in Cloud Point for Diesel Fuels Validation: ASTM D 2500
Fuel Set D, Instrument B
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Figure 94. Residual Error in Freeze Point for Diesel Fuels Validation: ASTM D 2386
Fuel Set D, Instrument B '
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Figure 95. Residual Error in Pour Point for Diesel Fuels Validation: ASTM D 97
F In nt B
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Figure 96. Limits of Agr r
Fuel Set D, Instrument B
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Figure 98. Limits of Agreement in Density Validation: ASTM D 1298
Fuel Set D, Instrument B
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Figure 100.
ASTM D 44 el Set D, Instrument B
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Figure 101. Limits of Agreement in Flash Point Validation: ASTM D 9
Fuel Set D, Instrument B
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Figure 102. Limits of Agreement in Cloud Point Validation: ASTM D 2500
Fuel Set D, Instrument B
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Figure 103. Limits of Agreement in Freeze Point Validation: ASTM D 2386
Fuel Set D, Instrument B
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Figure 104. Limits of Agreement in Pour Point Validation: ASTM D 97
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Figure 105. Limits of Agreement in Initial Boiling Point Validation: ASTM D 86
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Figure 106. Limits of Agreement in Boilin int at 10% Validation: ASTM D 86
e nstrument B
35
- - 15td Dev. ©
30F [— 2 std. Dev.
25+
20} ©
S 15}
C
[
g
a 10r e
5k
0.‘
_5—
_10 {7 T T O 1 T T J
180 200 220 240 260 280 300
Average
Figure 107.

Fuel D, Instrument B

122




20}

10+

Difference

- — 1Std. Dev.
o —— 2 Std. Dev.

_40 L ") 1 ] i J
220 240 260 280 300 320 340
Average

Figure 108. Limits of Agreement in Boiling Point at 90% Validation: A TM D 86
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Figure 110. Limits of Agreement in Final Boiling Point Validation: ASTM D
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Figure 111. Limits of Agreement in Cetane Number Validation: ASTM D 61
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Figure 112. Limits of Agr i Iculate tane Index Validation: ASTM D 976
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Figure 113. Limits of Agreement in lated Cetane Inde lidation: ASTM D 4737
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Figure 114. Limits of Agr:
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Figure 115. Limits of Agreement in Carbon Content Validation; M D 5291
F Instrument B
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Figure 116. Limits of Agreement in Carbon-to-Hydrogen Ratio Validation; ASTM D 5291
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Figure 120. Limits of Agreement in Dicyclic Aromatics Validation: ASTM D 5186
Fuel Set D, Instrument B
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Figure 121. Limits of Agreement in Polycyclic Aromatics Validation: ASTM D 5186
Fuel Set D, Instrument
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Figure 122. Limits of Agreement in Total Aromatics Validation: ASTM D 5186
Fuel D, Instrument B
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Figure 123. Limits of Agreement in Lubricity by HFRR Validation: ISO/CD 12156
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Figure 124. Limits of Agreement in Cloud Point in Diesel Fuels Validation;: ASTM D 2500
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